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Abstract 
 
 
 The production of fuel and chemicals is expected to be based on renewable energies in the next few 
years. However, combustion causes CO2 emission. Its reduction is one of the main focuses to regulate 
greenhouse effect, as expected by the Kyoto protocol. One combustion technology which could reduce CO2 
emissions is chemical-looping combustion coupled to a CO2 capture device. This technique involves the use 
of a bed-material, with a size between 100 and 500 µm, composed of an oxide supported by a porous 
ceramic. This oxide acts as an oxygen carrier and circulates from a reducing atmosphere reactor, where 
oxygen reacts with CO to produce CO2, to an oxidising reactor, where combustion occurs. In order to 
improve the reactivity of this carrier, a fluidized bed reactor is used and involves gas velocity. Attrition 
resistant granulates are therefore needed because of the high impacts occurring in the reactors. Moreover, 
large pore network is expected to improve the reactivity of the carrier because of the higher accessibility of 
the gas. 
 
 Granulates studied for oxygen carrier supports are frequently based on γ-alumina, which is highly 
mesoporous. In order to understand the importance of microstructure, three different routes were studied 
with samples composed of macropores, mesopores and a sample composed of both type of pores. Pore size 
could be successfully tailored with addition of diatomite, composed of pores in the micrometer range. This 
thesis aims to describe the tailoring of microstructure with addition of diatomite and at understanding its 
influence on attrition resistance. To be able to verify the performance of the developed supports, 
impregnation of copper oxide and looping experiments were performed. 
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1.  Introduction and motivation 
1.1  Environmental aspect 
 The production of fuel and chemicals is predominantly based on oil and natural gas, but it is expected 
to reach its reserve limit in 40-60 years [BPG08]. An alternative is coal, which is mentioned to last for 
more than 150 years. Indeed, its use is planned to increase by about 80 % in the next twenty years. 
Renewable energy sources like wood or plants are also discussed for fuel production. The main drawback 
of a fuel combustion based power plant is the anthropogenic CO2 emissions of about 40 % [Fan10]. 
According to the Kyoto protocol, the EU countries are committed to reduce CO2 emissions (as the main 
component). The BLUE Map scenario examines available technologies that could reduce global energy-
related CO2 emissions by 50 % in 2050 compared to 2005 levels. This is considered by the 
Intergovernmental Panel on Climate Change (IPCC) as the minimum acceptable reduction to keep the 
global temperatures increase within 2 or 3 °C [RUB05]. A reduction of 85 % is also conceivable.  
 Current CO2 capture technology is based on amine scrubbing, which since 1930 can be used for CO2 
removal from natural gas and hydrogen and can also be used in a large scale [ROC09]. However, this 
technique is known to reduce the efficiency of a power plant down by 26 % because of the presence of 
sulphur and nitrogen. Higher heating is therefore necessary for regeneration [SIN03], as well as the 
addition of a gas cleaning unit to remove impurities such as SOx and NOx. A new technique recently 
investigated is the chemical-looping combustion (CLC) that produces hydrogen, synthetic gas (syngas 
composed of CO, CO2 and H2) or full solid fuel combustion (such biomass or coal). It is envisaged to use 
this technique for conversion of coal or biomass to synthetic natural gas (SNG) via gasification and 
methanation, coupled with CO2 capture. The cost for CLC process was estimated by the 6th and 7th 
Framework Programme for European Union as being 40-50 % cheaper than amines scrubbing (post-
combustion process, see Section 2) [JIN11].  
 
1.2  Outlines 
 Chemical-looping combustion is processed with the use of so-called bed material granulates, 
composed of a metal oxide supporting an oxygen carrier, which are circulating from a fuel reactor to an air 
one (redox equations are applied to the oxygen carrier). Granulates with a size between 100 and 500 µm 
and high specific surface areas are frequently used. Supports of bed materials are frequently composed of 
mesoporous γ-alumina, olivine, dolomite or sand. Two main properties are required for fluidized bed 
reactor applications, highly interconnected pores combined with high specific surface areas and high 
attrition resistance, to overcome impacts occurring between particles or/and with the walls of the reactor. 
 This thesis aims to develop oxygen carrier supports with different microstructures to understand the 
impact of pore size distribution, porosity and pore volume on the attrition resistance of the porous support 
material. A commercialized mesoporous γ-alumina bed material, Puralox Nwa155 (Sasol, Germany), was 
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used as a reference to compare microstructural properties, gas transfer during the redox process, and 
attrition resistance with the developed porous granulates. A previously developed material for water filter 
application, composed of clay and diatomites (Route 1), was used as an alternative material. Additionally, 
γ-alumina extrudates (Route 2), γ-alumina and diatomite based materials (Route 3-a), as well as γ-alumina/ 
diatomite/ silica nanoparticles based materials (Route 3-b) were developed to be able to vary the pore size 
distribution and the surface area in a wide range. Materials from Route 1 are composed mainly of large 
macropores, while the ones from Route 2 of mesopores. Thereby it is possible to vary the pore size in the 
meso- and macropore range by combining the two materials (Route 3-a and 3-b). Attrition at room 
temperature was determined with a grinding test and a new analytical method (so-called Attrition 
Resistance Index) was implemented to characterize the attrition behaviour of the different materials. 
Thermal shock and attrition resistance at high temperatures were not investigated in this study. For some 
selected samples, impregnation of the active material (copper oxide) was performed. Impregnation 
efficiency, as well as reactivity of the oxygen carrier within looping (reduction/ oxidation) experiments 
were investigated. Copper oxide was studied due to its good reactivity with CO, leading to the production 
of high CO2 purity. 
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2.  Literature review 
 The thesis is focused on CO2 capture by chemical-looping combustion using fluidized bed 
reactor technology. A theoretical introduction of fundamentals is detailed to understand the 
application, the development of granulates and characterization techniques. Microstructure and 
attrition are principally described. The main idea of this thesis is to correlate the microstructure with 
attrition and looping properties. 
 
2.1 Application 
2.1.1 CO2 capture 
 Three technologies are frequently mentioned for CO2 capture. Principles are shown in Figure 2-1.  
 
Figure 2-1: Type of CO2 capture process (Adapted from [RUB05]). 
 
 First, the pre-combustion process consists of capturing CO2 from syngas formed, for example, in a coal 
gasifier with the use of carbonate. Syngas can afterwards be used for power generation and in production of 
ammonia. This process is still under development and needs to be improved for scale up. Another technology 
is the oxy-fuel process, where a new combustion technique involving an oxygen separation is used to avoid 
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formation of NOx from air. Power plants based on this technology can be used industrially, but are not yet at 
a suitable scale for electric power companies [THI11]. Finally, post-combustion capture of CO2 from flue 
gases is based on chemical absorption with amine and is known since 1930. It is already used in industrial 
scale. Comparisons of these three techniques are shown in Table 2-1. 
Table 2-1: Comparison between three CO2 capture techniques. 
CO2 capture systems Pre-combustion Oxy-fuel combustion Post-combustion 
Techniques • Gasification of a solid 
fuel with oxygen to form 
mainly CO and H2. 
 
• Use of a water-gas shift 
to convert CO and H2O 
into H2 and CO2. 
 
• CO2 captured with 
sorbents. 
• Use of O2 as fuel 
combustion to produce 
CO2 and water. 
 
• CO2 captured after 
water condensation. 
•  Use of a chemical solvent 
(amine or ammonia) to 
scrub CO2 out of the flue 
gas. 
 
•  Already existing in 
refineries, natural gas 
processing and 
petrochemical plants. 
Advantages • Syngas with higher 
pressure and 
concentration of CO2 (15-
60 %) than in post-
combustion process 
[ELW05].  
 
• Use of a physical solvent 
(carbonate) to separate 
CO2. 
 
• Less expensive than post-
combustion process. 
• New combustion 
technique involving an 
oxygen carrier. 
 
• Suitable for natural gas, 
syngas, coal, biogas, 
petroleum coke. 
 
• Possibility of at least 90 
% of CO2 capture without 
lost of energy. 
 
• No NOx formation. 
•  Possibility to reach more 
than 90 % of CO2 capture. 
Disadvantages • High cost (but lower than 
post-combustion). 
 
• Technologies to improve, 
such as clean-up and 
oxygen production. 
• Needs some further 
development and 
understanding of the 
mechanisms in the 
reactors. 
 
• Optimisation of the bed 
material in terms of 
porosity and attrition 
resistance. 
• Expensive.  
 
• Removal of SOx and 
NOx. 
 
• Requires heat for 
regeneration. 
 
• Decreases the net power 
efficiency of the plant 
[RIE96].  
 
• High cost to regenerate 
the solvent and cool the 
flue gas [ZHE11]. 
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2.1.2 CO2 capture by chemical-looping combustion 
 Chemical-looping combustion (or CLC) is considered as one of the most promising technique for CO2 
separation of fossil fuel combustion. It is considered as a form of oxy-fuel combustion because it does not 
involve nitrogen in the fuel reactor and leads to eliminate NOx emissions. Fan categorized CLC as a pre-
combustion and oxy-combustion capture because carbon in the fuel is separated before combustion and 
because of the use of an oxygen carrier (e.g. pure oxygen fuel) instead of air [FAN10]. It is based on the idea 
developed by Lewis and Gilliland [LEW54] on producing pure CO2 from fossil fuels with two fluidized bed 
reactors. It involves the use of an oxygen carrier, which transfer oxygen from an air reactor to a fuel reactor 
for combustion, without direct contact between the fuel and the gas. Lower temperatures are involved, 
compared to conventional combustion in air. Moreover, CO2 diluted with nitrogen in exhaust gas will not 
occur. In the past, CLC was mainly studied with gaseous fuels such as methane, however some new studies 
were performed on the possibility of working with solid fuels such coal and biomass (Chalmers University of 
Technology, Sweden) for future electricity generation. According to Jin and Zhang [JIN11], CLC is only at 
its beginning and its main challenge is the development of oxygen carriers with not only good reactivity and 
stability, but also high regeneration capability, high attrition, abrasion and agglomeration resistances, cheap 
and environmentally sound. One of the main factors required, to be able to industrialize CLC process, is the 
oxygen carrier cost, and this includes processing and life time of granulates.  
 Research on CLC processes aims to reach at least 90 % of CO2 in the exhaust gas and a reduction of 50 
% in cost. It involves both gaseous and solid fuels and operates at atmospheric and pressurized conditions. 
According to Ishida et al., 50-60 % electrical efficiency could be reached by adapting a CLC to a power 
generation system [ISH87]. Bed materials developed in this thesis are aimed to be used in the CLC process 
adapted to a 10 kWSNG scale reactor for wood methanation, which was build by the Paul Scherrer Institut and 
transferred to the gasifier in Güssing, Austria [KOP10]. 
 
2.1.2.1 Principle 
 The interconnected CLC system developed in 2001, by A. Lyngfelt from Chalmers University of 
Technology [LYN01], is considered as the largest and the best designed system [JIN11]. It is composed of 
two loop-seal devices placed between the air reactor and the cyclone, and between the fuel and the air 
reactor.   
 Fuel and metal oxide MexOy react in a fuel reactor (composed of reacting gases, such as CH4, CO and 
H2) (Figure 2-2). The almost pure stream of CO2 can be separated for CO2 storage by water condensation 
with a small lost of energy. In the fuel reactor, the metal oxide will be reduced into MexOy-1, which is either 
endothermic or exothermic, depending on the types of oxygen carrier and fuel. In the fuel reactor, particles 
are mainly circulating by gravity. 
(2n+m) MexOy + CnH2m → (2n+m) MexOy-1 + m H2O + n CO2 (2-1) 
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 After almost complete conversion, the obtained reduced metal oxide is transferred to an air reactor (high-
velocity riser [FOR09], where the volumetric flow rate is about 10 times higher than in the fuel reactor) to be 
reoxidized according to the exothermic  process (2-2). 
MexOy-1 + ½ O2 → MexOy   (2-2)    
 Particles are afterwards led to a cyclone from where they are separated from the flue gas (mainly N2 as 
exhausting gas). From the cyclone, particles fall into the fuel reactor to produce a nearly pure CO2 stream. 
 
Figure 2-2: CLC principle. 
 
 With complete or almost complete fuel conversion, the added oxygen content in a well mixed fluidized 
fuel reactor is always high enough to avoid carbon residue formation. When local or total oxygen supply is 
low, formation of carbon residue can occur [JERN06]. This can be problematic in case of granulates 
poisoning. The oxygen carrier can indeed deactivate because carbon residue cannot be fully removed from 
the reactor (oxidation).  
 
2.1.3 Fixed bed and fluidized bed reactors 
 Two main types of reactors exist.  First, the fixed bed reactors can be used with pellet catalysts for the 
elimination of small concentrations of carbon oxide and for gas cleaning units, such as ammonia plants. 
Secondly, the fluidized bed reactors are frequently used for a large-scale set-up. Compared to the fixed bed 
reactors, more heat and mass transfer are involved (uniform particle mixing and temperature gradients) 
[KUN91]. It is a continuous process, which requires an easy granulates manipulation (addition, removal, 
recycling) and high energy to obtain high fluid velocity. It is an expensive process because of the wear of the 
vessel and the attrition of the particles. Using fluidized bed reactors for chemical-looping combustion also 
allow a lower risk of oxygen carrier deactivation due to recirculation of the particles through the bed. A 
comparison of fixed and fluidized bed reactors is summarized in Table 2-2. Further information can be found 
in “Handbook of fluidization of fluid-particle system” by Yang [YAN03], “Fluidization Engineering” by 
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Kunii and Levenspiel [KUN91], “Fundamentals of fluidized-bed chemical process” by Yates [YAT83], and 
“Gas fluidization technology" by Geldart [GEL86]. 
 
Table 2-2: Advantages and disadvantages of fixed and fluidized bed reactors. 
 Fixed bed reactors Fluidized bed reactors 
Advantages • High conversion per unit of mass. 
• Low operating cost. 
• Continuous process. 
• High heat and mass transfer. 
• Applicable for large scale-up. 
• Continuous process. 
• Lower risk of oxygen carrier deactivation. 
• Uniform particle mixing. 
• Uniform temperature gradients. 
 
Disadvantages • Thermal gradients. 
• Poor temperature control. 
• Low mass transfer. 
• Difficulty of service and cleaning. 
• Attrition. 
• Expensive due to the wear (granules and walls 
of the reactors). 
• Large reactor vessel. 
• Higher energy cost due to the high velocity. 
• Needs some further understanding on the 
processing. 
 
 
2.2 Granulates for fluidized bed applications 
2.2.1 Supports of oxygen carrier  
 A support material is an inert porous substrate that can be impregnated with an oxygen carrier. It is 
mainly used to enhance the mechanical, chemical and thermal resistances. It is also discussed to enhance the 
reactivity of the oxygen carrier [ISH94]. De Diego et al. found out indeed by thermogravimetric analyses 
that CuO without support lost 90 % of its initial reactivity after only three looping cycles, while no lost was 
observed with the use of silica support [DIE04]. Indeed, the oxygen carrier can be submitted to 
agglomeration and can deactivate because of the presence of ashes.  A porous support requires the 
following properties:  
• highly interconnected open porosity to facilitate oxygen carrier impregnation,  
• high specific surface area, low neck and ink-bottle content to optimise exchange of oxygen gas, 
• high attrition resistance to withstand the mechanical and chemical stresses during use in a fluidized 
bed reactor.  
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Nevertheless, a systematic study on the influence of the porous support structure on the performance of 
oxygen carriers has not been done yet. Materials can be for example SiO2, TiO2, ZrO2, Al2O3, YSZ. Table 2-
3 evaluates the most common ones: 
 
Table 2-3: Advantages and disadvantages of existing supports. 
Bed material Advantages Disadvantages 
Sand  
[CRA90] 
• Cheap. 
• Resistant to abrasion. 
                                                         
• Not widely reported. 
Olivine  
[HUS06, ZHA08] 
• Catalytic active for the reduction 
of tar in the product gas. 
• Harder than dolomite and seems 
to be a good alternative to sand.    
                                                 
• Decrease of tar content by use of 
olivine instead of sand is not 
significant. 
Dolomite 
[HUS06, KET09] 
• Catalytic active for the reduction 
of tar in the product gas.     
                                               
• High abrasion rate in typical 
fluidized bed applications. 
• Reaction of CaCO3 to CaO and 
CO2 in the reactor (endothermic 
reaction that decreases the 
gasifier efficiency).     
                                                          
 γ-Alumina 
[SIG06, HOS07] 
• High specific surface area. 
• Resistant to abrasion. 
• Easy processing.                
                                  
• Chemical and hydrothermal 
stability for catalytic applications. 
                                                    
  
 
2.2.2 Oxygen carrier 
 An oxygen carrier is a metal oxide, which will transfer oxygen from air to fuel by avoiding contact 
between each other [LYN01]. Several properties are required, such as : high redox activity during oxidation 
and reduction, good oxygen transport capacity, negligible carbon deposition (this would release some CO2 in 
the air reactor leading to a reduction of CO2 capture efficiency), attrition resistance, low tendency for 
agglomeration during use in a fluidized bed reactor, environmentally sound and economic (production and 
operation: long life time). Jerndal et al. mentioned the importance of melting temperature, heat balances of 
the fuel reactions in case of endothermic reactions, carbon or sulphur reactions that might be produced in the 
fuel reactor [JERN06]. Major contributions in the development of oxygen carriers were made in Chalmers 
University of Technology, Tokyo Institute of Technology, Korean Institute of Energy Research and Instituto 
Carboquimica ICB. Table 2-4 shows the advantages and disadvantages of the main studied oxygen carriers. 
Abad et al. reported a mapping of different metal oxides and their advantages/ disadvantages with the range 
of temperature they can be used [ABA07]. Oxygen carriers are frequently classified according to their 
reactivity in descending order as the following: NiO, CuO, Fe2O3 and Mn2O3 [MAT03]. In addition, Cole 
patented oxides of silver, tungsten and molybdenum as well as sulphates of barium and strontium as potential 
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oxygen carriers [COL03]. However, only oxygen carriers based on Cu, Fe and Mn show a complete fuel gas 
conversion [JERN06]. Adanez et al. succeeded to use a mixture of CuO and NiO as oxygen carriers 
[ADA06]. CuO leads indeed to a complete conversion of CH4 to CO2 and H2O and the use of NiO permits to 
increase the temperature up to 950 °C [ADA06].  
 
Table 2-4: Advantages and disadvantages of oxygen carrier materials. 
Oxygen 
carriers 
NiO/Ni 
[ADA06, ZAF06] 
CuO/Cu2O/Cu  
[ZAF06, ADA06, 
DIE04] 
Mn2O3/MnO  
[ZAF06, MAT03] 
Fe2O3/Fe3O4 
 
[ZAF06, ISH05, 
ADA05] 
Advantages • High reactivity 
with CH4. 
• Approx. 20 wt.% 
free oxygen. 
• High reactivity 
with CH4. 
• Approx. 20 wt% 
free oxygen, 
leading to a good 
oxygen capacity. 
• Excellent 
regenerability. 
• Exothermic 
reaction with CH4. 
•  High reactivity 
with CO/ H2. 
•  Cost. 
• Very low cost. 
• Complete 
combustion of fuel 
to CO2 and H2O 
possible with partial 
reduction of Fe2O3 
to Fe3O4. 
Disadvantages • Carbon 
formation. 
• Cost. 
• Health issues. 
• Decomposition of 
CuO to Cu2O at  
about T > 870 °C. 
• Lower reactivity of 
Cu2O with CO. 
• Tendency to 
agglomerate at 
high temperature. 
• Low melting point. 
• 7 wt.% free 
oxygen. 
 
• Reactivity with 
CH4. 
• About 3 wt.% free 
oxygen (low 
capacity of oxygen 
transfer). 
 
 
2.3 Characterization of porous materials 
 Porosity control is of great importance for industries specialized in catalyst, adsorbents, membranes and 
ceramics. It has been widely studied during the last decades for separation applications, to improve thermal 
resistance, structural stability and mechanical strength [TSU03]. Indeed, macroporosity will allow the 
reagents to diffuse more easily into the open pores. The pore network will permit the decrease in lost of 
activity due to pore blockage by some carbon deposits and condensed sulphur. A bimodal pore size 
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distribution is often required because smaller pores (micro- and mesopores) enhance the specific surface area 
and macropores increase transport and diffusion of the gas inside the porous structure.  
 
2.3.1 Porosity 
 The term “porosity” ε refers to the voids in a material, such as cavities, channels or interstices. Porosity 
can be calculated by the following equation: 
 
 
bulk
P
V
V
=ε                     (2-3) 
Where, Vp is the pore volume (open and closed pores) and Vbulk is the bulk volume of the sample. 
 
2.3.1.1 Parameters influencing porosity 
 Particle size distribution, shape and particle packing during shaping can influence the interparticle 
porosity. Large particles will indeed lead to high interparticle porosity. In case of a bride particle size 
distribution, small particles may distribute in the interstice between the largest ones. This will decrease the 
porosity. Particle packing can be caused by the particle size distribution, but also by the organic or inorganic 
material contents used for shaping. Surface charges of particles can also influence packing.  
 
2.3.2 Pore structure 
 Three elements have to be investigated to describe a porous structure: the pore shape, connections 
between pores and the pore size distribution. An important characteristic of a porous solid is its specific 
surface. Due to the presence of pores connected to the surface, an additional internal surface area (SAin) has 
to be considered (equation 2-4) according to the surface of the pores and of the particles (SApore and SApart, 
respectively) [BEA72]: 
 
porepartin SASASA +=         (2-4) 
 
2.3.2.1 Types of pores 
 A pore is modelled as a capillary or a channel of various sizes (for example: neck and ink-bottle), which 
is connected to the edge of a material. The “open pores” are taken into account for the determination of the 
“effective porosity”. In contrary, the so-called “closed pores” are not connected to the external surface of the 
material. Open and closed pores refer to the intraparticular porosity. 
 
[ ]
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apOpenpore
ρ
ρ
−=1%
        (2-5) 
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 Pore terminology from IUPAC is shown in Figure 2-3. Open pores are classified into blind (or dead-end) 
or open through, they can also be interconnected.  
 
 
Figure 2-3: Pore terminology. 
 
2.3.2.2 Pore sizes 
 IUPAC nomenclature is used in this thesis. Pore diameter is described as the following [GRE82]: 
micropore: < 2 nm, mesopore: 2 ≤  x ≥ 50 nm and macropore: > 50 nm. The pore size of 2 nm corresponds to 
the limit pore size where the layers of adsorbed N2 start to be unstable due to tensile strength effect 
[KAN94]. It occurs at a relative pressure of 0.39. The critical pore size of 50 nm was chosen because it 
corresponds to the limit where N2 sorption can occur in capillaries by condensation. It corresponds to a 
relative pressure of 0.96.  
  
 
Figure 2-4: Type of voids according to their sizes [Adapted from BEN93]. 
 
 
 Gregg and Sing additionally categorized micropores into two groups. First, the ultramicropores have a 
size between 0.35 and 0.70 nm. These pores are mainly filled with potential field overlap and one or two 
layers of molecules can be adsorbed. Secondly, the supermicropores are composed of pores size between 0.7 
and 1.8 nm. They are filled by cooperative effects and up to five layers of adsorbed molecules can be built 
[GRE82]. It is assumed that ultramicropores are filled at approximately 10-2 relative pressure and 
supermicropores from 10-2 to 10-1. The size range for ultra- and supermicropores were also mentioned as 
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influenced by the gas and pore geometry [KAN94]. Pores smaller than 0.35 nm can not be determined by N2 
at 77 K, but by He at 303 K or at 4.2 K. They were called ultrapores by Kaneko [KAN94]. 
 
2.3.3 Specific surface area 
 Specific surface area is defined as the total interstitial surface area of pores (and outer surface area of the 
particles) per unit bulk volume of the porous medium [BEA72]. Surface properties are classified in terms of 
external and internal surfaces. External surface combines superficial cracks, indentations and internal 
surfaces, the imperfections of surfaces of primary particles [GRE82]. The outer surface area of a particle 
with a size above the submicron size is neglected. Internal surface groups the walls of all cracks, pores and 
cavities which are deeper than wider. In the rare case that a solid can be assimilated to spheres or cubes of 
same sizes, specific surface area SSA is related to density ρ and size of the particles L (diameter or edge 
length): 
 
L
SSA
⋅
=
ρ
6
   (2-7)    
 
2.3.4 Pore size characterization 
 Analyses of pore size distribution and pores connectivity are important for fundamental understanding of 
liquid or gas transport into a material, thermal conductivity and mechanical resistance. Two categories of 
techniques are used to determine porosity. The first category, called “direct methods”, is mainly based on the 
determination of the bulk volume, pore volume and volume of the solid matrix. For example, Archimedes 
determination, mercury porosimetry and nitrogen sorption. The second category, called “indirect methods”, 
is based on the void space property, such as stereology. Optical, scanning electron microscopy and X-ray 
tomography, by doing a 3D reconstruction, are used according to the range of pore size of the material 
studied.  
 
2.3.5 Non-wetting liquid penetration in a porous material 
 In the absence of gravity or external forces, a non wetting liquid in contact with a porous material has the 
tendency to take a spherical shape in order to decrease its surface free energy. Due to this reason, a non 
wetting liquid (π/2 < θ < π) requires a high pressure to infiltrate the sample. Mercury penetration is explained 
more in detail in the following sections. 
2.3.5.1 Surface tension and contact angle 
 Surface tension is the driving force for the non wetting metal to get out of the pore. In a porous media, 
surface tension forces will be opposed to the penetration of the fluid, leading to a contact angle higher than 
90 °. Larger pores are theoretically filled at low pressure and smaller pores with increasing pressure 
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hydraulically up to 200 or 400 MPa. Surface tension of mercury is influenced by temperature, purity 
(number of distillation), curvature of the solid’s surface, pore size (surface tension increases with increase in 
pore radius) [KLO81]. The presence of impurities may change surface tension up to 30 % [ALI06]. In 
contrast to contact angle, changes in surface tension have minimal effect on porosimetry results [BRA81]. 
The use of 141 ° instead of 140 ° leads to an error of approximately 1.4 % in cos θ. This would lead to an 
error in the pore size determined by about 20 % [GAS97]. Contact angle hysteresis is caused by the 
difference between the contact angle measured for advancing mercury and the decrease in contact angle for 
receding mercury. 
Change in contact angle is also caused by contamination of the surface with mercury vapour (wetting 
phase [COU10]) or by geometrical heterogeneities, such as roughness. This leads to an increase in the 
entrapped volume during mercury retreat and to hysteresis behaviour [KLO81]. The pore roughness tends to 
increase the value of the advancing contact angle. Contact angle θ varies according to the surface of the 
sample [WIN84]. It can be determined by placing a mercury drop on the top of a flat non porous and smooth 
surface of the sample and with measuring the height of the drop: 
 
Hg
hgCos
γ
ρ
⋅
⋅⋅
−=Θ
2
1
2
        (2-8) 
Where: θ is the contact angle, ρ the density of the liquid, g the gravity acceleration, h the mercury height and 
γ the surface tension. 
 
2.3.5.2 Washburn equation 
 Mercury porosimetry allows the evaluation of macro- and meso-open porosities (from 40 µm to 7.0 nm). 
Pore radius distribution is determined by a modified Young-Laplace equation called Washburn equation 
(equation (2-11)), where all pores are determined as cylindrical and connected to the surface (shape factor = 
2). The driving force F1 is developed due to some interfacial tensions and makes mercury leave the pore 
(Figure 2-5). It is expressed by the product of the surface tension and the circumference of the pore. 
 
 
Figure 2-5: Equilibrium forces in a pore of radius r (adapted from [ALI06]). 
 
 Because θ is higher than 90 °, - cos θ is positive (equation (2-9)). The force F2 is caused by the applied 
pressure P necessary to infiltrate the pore with a certain radius r (equation (2-10)): 
 
( ) Θ⋅−= cos21 γpi rF   (2-9) and ( )PrF 22 ⋅= pi    (2-10) 
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 At equilibrium, F1 and F2 are equivalent and pore radius can be described by the Washburn equation: 
 
P
r
Θ⋅
−=
cos2γ
         (2-11) 
Where: r is the radius of an equivalent cylindrical pore, which would be filled by mercury at a given 
pressure, γ the surface tension (N/m) and θ the contact angle (°).  
  
 Contact angle can be calculated with equation (2-12), where θa and θr are the advancing and retreating 
contact angles, Pi and Pe the intrusion and extrusion pressures. This was previously explained more in detail 
[GAR13]. 
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         (2-12) 
 
2.3.5.3 Hysteresis 
 Characterization of the hysteresis and entrapped Hg can help in understanding the pore network of the 
sample (Section 4). A porosimetry cycle consists in an increase and a decrease of the applied pressure. This 
leads to an intrusion and an extrusion of mercury. A decrease in pressure frequently results in the retreat of 
mercury at lower pressure, leading to hysteresis behaviour. Hysteresis depends mainly on: the contact angle 
(that tends to decrease during extrusion step) (e.g. contact angle hysteresis) [KLO81, MOS81, LOW81], 
presence of ink-bottles (structural hysteresis) [LOW91, LOW06, MOR02], the percolation-connectivity 
model (network effects) [SEA91, RIG04], pore size [KLO81], the nature of the surface [MOS81] but also the 
pore potential, the surface roughness and the contamination of the material surface by mercury. Neumann 
and Good mentioned the presence of macroscopic hysteresis in case of surface heterogeneities larger than 
100 nm [NEU72]. Equilibration time can influence the shape of hysteresis too [POR07]. Due to the lower 
pressure necessary to extrude mercury, entrapment of Hg in the sample is frequent.  
 
2.3.6 Gas adsorption on a porous material 
2.3.6.1 Definitions 
 Two types of adsorption can occur when a solid is in contact (immersed or exposed) to a liquid or a gas, 
according to the surface of the solid:  physisorption, which involves van der Waals interactions and 
chemisorption, where the adsorbed molecules are linked with chemical bonding. The solid is called the 
adsorbent and the gas, the adsorptive. The fluid in the adsorbed state is called the adsorbate. The amount of 
adsorbate depends on the temperature T, the pressure P and the interaction potential E between vapour 
(adsorbate) and surface (adsorbent). At equilibrium pressure and temperature, the weight of adsorbent W is 
given by W= f (P,T,E). It is however usually determined at isothermal temperature (W= f (P,E)). Nitrogen 
sorption is an experimental technique to characterize the surface and the pore size of materials.  
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2.3.6.2 BET theory 
 During physical adsorption, at very low relative pressure, smaller pores are first covered because the 
most energetic sites are caused from the overlapping potentials of the pore walls. Brunauer-Emmett-Teller 
(BET) theory allows the determination of the number of molecules required to form a monolayer. It was first 
established by Brunauer et al. on an iron synthetic ammonia catalyst. BET theory (equation (2-13)) is a 
simplified extension of the Langmuir mechanism to multilayer adsorption [BRU38]. It is valid for a relative 
pressure (P/P0) of 0.05 to 0.35, which is linear in the case of ceramics [CON06].  
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Where: Vads and Vml are the adsorbed volume per mass (in cm3/g) at a relative pressure P/P0 and the 
monolayer capacity, respectively. 
 
 The BET plot corresponds to 1/Vads[(P0/P)-1] versus P/P0. The volume of gas adsorbed in a monolayer 
Vml (m3/g of adsorbent) and the BET constant C (unitless) can be defined from the slope S (g/m3) and the 
intercept I (g/m3). C depends on the difference between the interactions of the adsorbed gas at the monolayer 
and the highest layer of the multilayer. It is advised by IUPAC to analyse the BET surface with the 
conditions of outgassing, the temperature of measurements, the range of linearity of the BET plot and the 
values of vapour saturation pressure, monolayer capacity, surface and BET constant [IUP85].  
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 Rouquerol suggested that the intermolecular interactions are important if the BET constant C < 50 and 
that specific adsorption or micropore filling may occur if C > 200 [ROU94]. This leads to a validity of the 
model for C between 50 and 200. Aligizaki mentioned that for a low C (≤  2) or high C (200-300), a type III 
isotherm or a type II isotherm with well defined B point will be obtained, respectively (see section 2.3.6.4) 
[ALI06]. 
 
2.3.6.3 Adsorption and condensation in mesoporous materials 
 Sorption in pores from 2 to 50 nm depends on the fluid-wall attraction and on the attractive relation 
between the fluid molecules, which lead to a multilayer adsorption and capillary condensation. Nitrogen is 
frequently used with mesoporous materials due to the complete wetting assumed on the surface at N2 boiling 
point. Well-defined monolayers with frequently closed packed molecules are formed due to its permanent 
quadrupole moment [LOW06]. Capillary condensation corresponds to the phase change from gas to liquid in 
a pore at a pressure P lower than saturation pressure P0. This phenomenon leads to the presence of a 
hysteresis, which is discussed in more detail in section 2.3.6.4. 
                                                                   2.  Literature review   
 
  - 16 -
  On a relatively flat surface, a very low adsorption potential is observed at number 1 (Figure 2-6), 
leading to very few adsorbate molecules; while a high adsorption potential is observed at number 2, followed 
by a multilayer adsorption. Number 3 illustrates a tubular pore and an ink-bottle one with a micropore size 
neck at which the entrance is smaller than nitrogen molecules (1.1 Å). A multilayer adsorption and filling of 
the pores occur at number 4 and only a monolayer adsorption at number 5.  
 
 
Figure 2-6: Adsorption process on a heterogeneous porous model. 
 
2.3.6.4 Hysteresis  
 Figure 2-7 shows the typical hysteresis behaviour for mesoporous materials with presence of large 
mesopores [IUP85]. Vertical region at very low relative pressure is associated with the presence of 
micropores. The inflection point (so-called point B), usually between 0.05 and 0.10 relative pressure, 
corresponds to the end of the monolayer adsorption. A multilayer adsorption occurs during the filling of 
mesopores with an increase in relative pressure. Then, a capillary condensation takes place in smaller pores 
and finally in larger ones. At high relative pressure (close to 1), condensation appears on walls leading to 
some errors in the pore evaluation. The adsorbed volume continues either to increase (as seen in Figure 2-7) 
or to reach a plateau. The plateau corresponds to the absence of continuous large mesopores in the sample. 
Desorption occurs at lower relative pressure than adsorption, leading to a hysteresis behaviour. The 
hysteresis loop usually closes at approximately 0.4 relative pressures [GRE82]. Pore filling during capillary 
condensation in ink-bottle pores is controlled by the radius of curvature of the ink-bottle and desorption is 
controlled by the radius of the neck, leading to a delay of the evaporation rate [MCB35]. 
 
 
Figure 2-7: Hysteresis of a porous sample. 
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- Isotherms loops 
 Isotherms correspond to the relation between the adsorbed volume and the equilibrium pressure at 
constant temperature. Usual physisorption isotherms are divided into six groups (Figure 2-8).  
 
 
Figure 2-8: Physisorption isotherms (adapted from [IUP85]). 
 
 The reversible Type I isotherm has a concave shape and is attributed to samples that have a relatively 
small external surface (such as microporous solids). They are sometimes called Langmuir isotherms but this 
terminology is not recommended by IUPAC. The reversible type II isotherm is attributed to non micro- and 
non mesoporous adsorbents or to macroporous adsorbents. It has an unrestricted mono and multilayer 
adsorption. The reversible type III is convex to the x axis and does not show a point B (inflexion point). This 
isotherm is rarely obtained. Type IV isotherm is attributed to the presence of capillary condensation in 
mesopores. This is observed by the loop and the increase in adsorbed volume at higher relative pressure. It is 
also attributed to mono- and multilayer adsorption due to the same appearance than type II isotherm at low 
relative pressure. Type V is also not common. It is caused by some weak adsorbent-adsorbate interactions. 
Type VI isotherm represents the multilayer adsorption on a uniform non porous and smooth surface. It is 
obtained for example on graphitised carbon black at 77 K with argon or krypton. 
 
 Type IV isotherm is classified by IUPAC into four sub-categories according to the shape of their loop 
(Figure 2-9) [IUP85].  
 
 
Figure 2-9: Different loops of type IV isotherm [IUP85]. 
 
 H1 is often associated with materials that have the tendency to agglomerate or compact materials 
composed of approximately uniform spheres with narrow pore size distribution. It corresponds for example 
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at some tubular connections between capillaries shaped pores with different sizes or of narrow neck of ink-
bottle pores. H2 is attributed to pores with not well defined size and shape (for example pores in silica gel, 
composed of tubular or ink-bottle pores of heterogeneous pore sizes). H3 is associated with aggregates with 
plate-like particles and slit-shaped pores, or wide capillaries with narrower neck with an interstice between 
the parallel plates. It is observed for example in crystalline metal oxide aggregates with slit-shaped pores. 
These types of pores are often created during drying. H4 is attributed to narrow slit-shaped pores and can be 
associated for example with micro- and mesoporous carbon.  
 
2.3.6.5 Kelvin equation 
 Kelvin radius or critical radius of a cylindrical pore at which occurs capillary condensation is calculated 
with equation (2-18). It assumes the use of an ideal gas, the incompressibility of the condensed liquid and 
that the molar volume of the liquid phase is negligible compared to the gas. 
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Where: rk is the radius (m), γ the surface tension of the liquid adsorbate (N/m), Vmol the volume occupied by 
one mol of condensate at temperature T (m3/mol), Θ the contact angle between the liquid and the wall 
(usually assumed to 0), R the gas constant (8.314 J/(Kmol)), T the temperature (K), P the pressure (N/m2) 
and P0 the saturation vapour pressure (N/m2).  
 
For nitrogen, the surface tension equals 8.85.10-3 N/m and the molar volume is 3.467.10-5 m3/mol at 77 K 
(the boiling point of N2). The equation can be simplified as the following: 
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2.3.7 Adsorption in microporous materials 
 Micropore filling is frequently made by molecular adsorption of He, H2, CO2 or CO. Physisorption in 
pores of molecular dimensions takes place at a very low relative pressure due to the increase in the strength 
of the interactions between adsorbent and adsorbate in smaller pores. This phenomenon leads to a distortion 
of the type I isotherm in the monolayer range [IUP85]. In the absence of capillary condensation, multilayer 
adsorption occurs on a relatively small external surface. Two mechanisms occur during filling of micropores. 
First, the filling of very small pores of individual adsorbate molecules occurs at low relative pressure 
(“primary” filling). It results in an overlapping of the potential fields of the walls, which enhance the 
interaction energy between the gas and the solid. This phenomenon decreases with an increase in pore size. 
Secondly, the interactions between adsorbent-adsorbate happen at higher relative pressure (0.01-0.20) 
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(“secondary” filling). It occurs for larger micropores, where the adsorbed molecules form a monolayer 
caused by the interactions with pore walls. 
 Isotherms obtained for microporous materials can be determined by “classical methods” based on 
macroscopic and thermodynamic assumption. Different approaches exist: Polanyi, Dubinin, Stoeckli, 
Horvath-Kawazoe and related methods. Better assessment of thermodynamic properties of the fluid was 
however obtained with techniques based on statistical mechanics, such as Density Functional Theory, or 
molecular simulation (Monte Carlo and Molecular Dynamics). 
 
2.4 Attrition resistant materials 
 The attrition is defined as „the unwanted breakdown of particles within a process” (this includes both 
abrasion and fragmentation) by the British Standard [STA58]. The attrition behaviour is expressed as the 
“percentage of powder reduced to less than a certain size in a specified time within a specified test 
apparatus” (quality measurement and process control) by Bemrose and Bridgwater [BEM87]. 
 The attrition resistance is the ability of a material to be unaffected by attrition during a process. In case 
of a too low attrition resistance, some materials properties (particle size distribution, surface area, bulk 
density) can be affected. Some dust, loss of fine material by elutriation and contamination by debris from 
wear of the containment can occur due to the impact with particles [RAY87]. This results in an increase in 
the process cost (due to the removal of attrited particles and fines from the reactor, wear of reactor walls and 
impurities from the particles due to wear). 
 
2.4.1 Attrition in a fluidized bed reactor 
 Fluidized bed reactors are widely used in industry because of their uniform temperature gradients in the 
bed material. During mixing, attrition of the particles occurs however due to the high mechanical stress 
caused by the gas velocity and the impact with the particles or walls of the reactor. Attrition can influence 
the fluidizing properties, process conditions and lead to a loss of fine material by elutriation [BEM87]. In a 
fluidized bed, the breaking mechanisms depend on the particle strength and the breaking force [RAY87]. 
With increasing the breaking force, splitting can occur instead of abrasion in a weak material. During 
fragmentation, fines are produced, decreasing the size of the initial product. Measuring the amount of fines 
leads to a direct indication of the attrition degree [RAY87]. Bubble velocity increases with the bed height 
due to bubble coalescence leading to an increase in collision force. Ulerich et al. proposed that the total mass 
rate of attrition is proportional to the square of the bed height [ULE80].  
 Vaux and Fellers considered that sufficient strength and attrition resistance of the bed material are 
important in fluidized bed reactors and to survive transport. In a fluidized bed reactor, granulates are 
submitted to different attrition mechanisms. When they are conveyed to the jet, some sliding and abrasion 
occur [STE98]. After entering the reactor, impacts between particles and/or walls occur due to gas velocity. 
Thermal shock can also affect the mechanical resistance of granulates [BEM87]. Finally, some attrition also 
occurs during expulsion of the particles. 
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2.4.2 Mechanisms 
 Stein et al. divided the attrition of particles into two different aspects: the fragmentation of particles into 
parts of approximately similar size and into the creation of fine dust by abrasion of the edges of particles 
[STE98]. Shockey et al. explained that the fragmentation occurs after different stages: the activation of pre-
existing structural flaws and the propagation of cracks, coalescence and interconnection of propagating 
cracks, followed by fragmentation of the material [SHO74]. 
 Four types of force occur during grinding: impact, attrition, shear and compression. Neikov described the 
impact as the “instantaneous striking of one object by another”, the attrition as the “production of particles 
by the rubbing action between two bodies or wear debris”. He mentioned that the shear “consists of cutting 
or cleaving of particles” and “contributes to breaking particles into separate pieces with a minimum fine 
yield” and that the compression occurs when the material is hard and non-ductile [NEI09]. Neikov 
mentioned that a fine can reach a limit in size during grinding. With high attrition and presence of fines, the 
probability to form aggregates increases as well as the fracture resistance.  
 
2.5 Processing 
 Abad et al. mentioned the high dependency of the type of granulates (oxygen carrier and support) and 
their preparation methods on the reaction rate [ABA07]. It will also vary the pore size distribution. Primary 
porosity consists indeed on pores between particles and can influence mass transfer. As explained in Table 2-
5, different shapes can be used for fixed bed application. Microspherical products are however advised in a 
fluidized bed reactor. This is caused by the lower attrition expected on a smooth surface than on a 
heterogeneous one. Adanez referenced some techniques such as freeze granulation, extrusion, impregnation, 
spray-drying, combustion synthesis or co-precipitation [ADA10]. A thermal treatment is required to obtain 
the suited phase of the material. The shape of the bed material is also of importance as it will influence the 
pressure drop in the reactor (monoliths < rings < spheres < pellets < extrudates < broken material).  
 
Table 2-5: Type of products used in industry. 
Type of catalyst Size [mm] Type of reactor 
Extrudate 1-50 Fixed bed 
Pellet 3-15 Fixed bed 
Granule 1-20 Fixed bed 
Microspheroidal 0.02-0.1 Fluidized bed 
 
 
 Extrusion is known as a relatively cheap continuous process, but the use of extrudates in fluidized bed 
reactors is a challenge because the material must be very strong to survive the impacts enhanced by the 
velocity in the reactor. Homogeneous shape and smoothness are moreover recommended to improve the 
attrition resistance. Extrusion will be explained in more detail in the following sub-chapter (2.5.1). 
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2.5.1 Extrusion 
2.5.1.1 Principle 
 Shaping by extrusion of green ceramics occurs by forcing a deformable feedstock (or paste) through an 
orifice called a die with the suited shape. Two types of extruders exist. First, the screw (single or bi-vis) 
extruder is mainly used for a continuous process and high productivity. Secondly, the piston extruder is more 
often used in a laboratory. Considering the piston type extruder, a previously mixed feedstock (ceramic 
paste) is placed in the chamber. After applying vacuum, the paste is then pressed until it reaches a moulding 
tool called “extrusion die” to be shaped. The same principle is used in a capillary rheometer. No vacuum is 
however applied. In extrusion, all materials will interact to determine the flow behaviour of the paste. In 
order to adapt the plasticity to an adequate pressure and shear rate, organic and inorganic binders can be 
added to the mixture. The quality of the product depends on the composition of the feedstock, its mixing 
(presence of bubbles), the shape of the die and the extrusion velocity.  
 Amarasinghe and Wilson mentioned that ceramic pastes are composed of a solid packing higher than 0.6 
[AMA98], which show a flow behaviour between a cohesive granular material and a polymeric fluid, 
according to the size, the shape and nature of the solid and the rheology of the feedstock [BEN93]. The water 
content is an important factor. It should be high in the case of high surface area solid particles and in the case 
of porous materials. In case the water content is too low, an increase in pressure will be observed, leading to 
some eventual difficulty in extruding or to the formation of cracks. Materials with too high water content can 
eventually collapse after leaving the die. 
 Extrusion pressure depends on the design of the die, batch plasticity, temperature and extrusion velocity. 
Ryan defined a plastic material as a material “having the ability to deform continuously and permanently, 
without rupture from the application of a stress that exceed its yield value and to maintain such shape once 
the imparting force is removed” [RAY87]. Gitzen mentioned three types of plasticity [GIT97], the true 
plasticity caused by reaction between solid and liquid (large lattice will lead to high plasticity), the limited 
plasticity enhanced by chemical reaction (e.g. oxychloride formation from cation adsorption) or adsorption 
of hydrophilic colloids (humic acids) and the false plasticity where non plastic particles are surrounded by a 
gel or a viscous liquid (e.g. peptized boehmite). 
 
2.5.1.2   Defect examples 
 Different defects affecting the shape or/and the mechanical resistance of the extrudates can be observed 
during the extrusion process: 
 
- Phase separation: 
 During pressurization with the piston, the liquid can distribute itself within the pores of the feedstock, 
leading to some eventual heterogeneities. Burbidge et al. determined a maximum increase factor of 15 in 
extrusion pressure caused by the liquid redispersion in the feedstock [BUR95]. Particle size distribution has 
an influence on this phenomenon due to the different packing. Benbow and Bridgwater explained that 
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extrusion on loose packed particles with a low viscous liquid leads to some dried regions in the batch 
[BEN93]. This effect is observed by the presence of humidity at the die. Yu et al. studied the liquid 
distribution in alumina, starch and bentonite based batches during the extrusion process [YUB99]. They 
concluded that the liquid does not distribute homogeneously in the batch, dividing the feedstock column into 
three regions: inner axial and outer peripheral regions separated by one with high moisture content. Liquid 
distribution depends on the velocity, the stage of extrusion and the composition of the batch. It is worthwhile 
to note that some porous materials (such as clay) can soak liquid and redistribute it during pressurization. 
 
- Die swell effect: 
 A release of pressure occurs at the die exit due to the relaxation of particles and polymer chains. This 
effect is also influenced by shear rate and applied pressure. To decrease this effect, it is possible to increase 
the velocity of extrusion, decrease the size of the die orifice, decrease the die height/diameter ratio or 
increase the molecular weight of the polymer. Su and Button mentioned the presence of die swell and 
retarded shrinkage caused by some “free” PVA [SUB09]. During extrusion or drying, the concentrated PVA 
surface layer can indeed migrate and form a gel. This will act as a barrier layer and stop the diffusion of the 
components, leading to a decrease in shrinkage. 
2.5.2 Addition of an oxygen carrier 
Addition of an oxygen carrier can be made in one step, by compounding it (or by precipitation) with the 
materials for the support or in several steps, by an impregnation step of a salt on the ready support. This 
impregnation is followed by drying and calcination to obtain the required phase. Chuang et al. studied the 
influence of processing, such as mechanical mixing, wet impregnation and co-precipitation on the reactivity 
of CuO on Al2O3 used as a support [CHU08]. They found out that using CuO on alumina enhances the 
mechanical resistance of granulates into the fluidized bed reactor. Co-precipitation was the only technique 
that allowed high loading materials (up to 82.5 wt.%) and helped in the decrease in reagglomeration at 800-
900 °C. CuO was shown as reacting with alumina to form CuAl2O4.  
 
2.5.3 Heat treatment 
 A drying step at low temperature is necessary to remove the excess of water necessary during shaping. 
Binder removal can be performed by solvent debinding or thermal debinding. A calcination or sintering step 
is made to obtain the desired phase or/and for particles coalescence. This leads to an increase in the 
mechanical strength of the product. Debinding and calcination can be made during the same step by a 
continuous heating ramp until the calcination temperature is reached. This, only in case the debinding is not a 
critical step (leading to voids, cracks or deformations). 
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3. Materials 
3.1 Support for oxygen carrier 
3.1.1 γ-alumina  
3.1.1.1 Introduction  
 Transition aluminas, such as γ structure, are widely studied for catalyst and oxygen carrier support 
applications. It is obtained from dehydratation of boehmite (or gibbsite) or pseudo-boehmite and from 
crystallisation of its amorphous phase at calcination temperature above 550 °C in air. Its density is about 3.65 
g/cm3. Trueba and Trasatti mentioned the importance of the preparation history of γ-alumina on its 
properties, as well as the stability problems [TRU05].  
 
3.1.1.2 Boehmite and pseudo-boehmite 
  Boehmite is widely used in petroleum, chemical and medicine industries. It is known for dispersing in 
water at low pH. As explained by Fauchadour et al. [FAU02] and Paglia [PAG04], it can be used as a 
precursor for γ-alumina catalyst support (as seen in Figure 3.1) due to its adequate surface chemistry, 
porosity and thermal stability. Pseudo-boehmite is composed of an amorphous phase that will lead to a high 
specific surface area γ-alumina material [WEF87]. A lower cristallized γ structure will however be obtained 
after heat treatment than with boehmite. Moreover, it does not peptise as easily as alkoxide based boehmite 
and will lead to higher porosity.  
 
 
Figure 3.1: Dehydratation sequence of alumina hydrates in air (adapted from [GIT97]). 
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3.1.1.3 Pastes 
 Boehmite and pseudo-boehmite are known for dispersing in water at low pH. Different techniques 
permit to produce paste: either via sol-gel route [YOL75, CHA06] or by peptization [RHE93]. Sol-gel 
technique is based on Yoldas discovery in the late seventies [YOL75, YOL75-2]. He found out that 
hydrolysis and condensation of aluminium hydroxides could lead to a monolithic gel. Chandadrass and 
Balasubramanian showed the possibility to extrude alumina sol with a diameter of 350 µm [CHA06]. 
Peptization of aluminium hydroxide is made by addition of an acid solution to disperse the large particles/ 
agglomerates and plasticize the feedstock [LEV97]. In the peptization route, two reactions can occur, either 
hydrogen ions of acetic acid can react with the hydroxo groups of the particles to form aquo groups or 
boehmite -ol groups can form free hydroxo groups. Lamberov et al. mentioned that peptization leads to the 
breaking down of primary particles at (010) planes and to a partial dissolution of the hydroxide leading to 
water soluble basic aluminium salts between primary particles [LAM03]. Formation of aluminium ionic 
micelles is obtained when high enough acid content is added to the particles. In case the ratio is too low, no 
dispersion of the particles will occur. It is known that precipitation made at low temperature leads to a more 
labile structure than at high temperature because of the presence of weak bonds such as van der Waals 
interactions and coagulation contacts between primary particles and water. Tregubenko compared the use of 
acetic, oxalic and citric acids on PB and advised the use of oxalic acid because the obtained aluminium salt 
decomposes in a narrow temperature range. He concluded however that the use of acetic acid leads to 
narrower mesopore size distribution [TREG11]. Boehmite pore structure is influenced by the type of acid, 
the pH of the solution, the mixing time and the thermal conditions (temperature and time). 
 
3.1.1.4 Selected γ-alumina as a reference 
 γ-alumina Puralox NWa155 (Sasol, Germany) was chosen as a reference material because of its 
mesoporous structure and its particle size (d50: 270 µm). It is prepared via hydrolysis of aluminium alkoxide, 
dried and calcined at temperatures between 700 and 750 °C in order to transform it into γ-alumina. It is 
already used for industrial application and studied as a catalyst support [ADA05, FAN10] whenever coarse 
particles with high surface area (151 m2/g) are required. Its bulk density is 1.3 g/cm3. Its attrition resistance is 
considered as the minimum performance acceptable for the developed materials.  
 
 3.1.1.5    Selected pseudo-boehmite for development 
  
 Pseudo-boehmite G-250 (BASF, USA) based on the conversion of bauxite into gibbsite by the Bayer 
process, followed by an acid/base dissolution and precipitation, is selected for this study. Particle size d50 is 
60 µm (given by the supplier). Impurities are reported in Table 3-1. To investigate the primary particle size, 
specific surface area is determined as 295 m2/g by Brunauer-Emmett-Teller theory (BET). Considering 
spherical particles, dBET is 9 nm and the agglomeration factor close to 6900.  
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Table 3.1: Impurities contained in G-250 (BASF). 
G-250 Impurities [wt.%] 
SiO2 0.20 
Al2O3 0.08 
Fe2O3 0.04 
SO4 0.40 
Ignition loss at 1000 °C 23-30 
 
3.1.2 Diatomaceous earth 
3.1.2.1 Introduction  
 Diatomaceous earth or diatomite is a sedimentary rock resulting from the siliceous fossilized skeleton of 
diatoms (SiO2. nH2O and crystallised silica). The material is a unicellular algae that existed during tertiary 
and quaternary periods. It is composed of rigid cell walls called frustules. Depending on their species, 
frustule dimensions from less than 1 to more than 100 µm can be found with features like protuberances and 
pores close to 100 nm. Wegmann et al. and Shawabkeh et al. mentioned that diatomite is regarded as a cheap 
material with attractive mechanical resistance that can be used as a filter, filler or mild abrasive due to its 
highly porous structure [WEG08, SHA03].  
 Losic et al. reported a complete description of nano- and microstructure of diatoms and showed how 
promising this material is for high performance technologies (e.g. microelectronics, chemical- and bio-
sensoring, transducers) [LOS09]. Further information about the use of diatomite was reported previously 
[GAR11]. 
  
3.1.2.2 Selected powders 
 Two diatomite filter aids, Filter Cel and Super Cel (Celite, World Minerals Inc., USA) with median 
particle sizes of 14 and 15 µm and median pore sizes of 2.5 and 3.5 µm (determined by the supplier by 
mercury porosimetry) are selected for this study. Both DFA are composed of approximately 90 % of SiO2 
and 4 % of Al2O3 (Table 3-2) and were previously thermally treated at higher temperature by the supplier 
(approximately 800-900 °C for Filter Cel and 1000 °C for Super Cel) to remove the organic structure of the 
diatomaceous earth and to increase its crystallinity. 
 DFA materials were determined by scanning electron microscopy investigation as being mainly 
composed of Aulacoseira and Coscinodiscus frustules, respectively. Aulacoseira have a cylindrical shape 
with typically 10 µm diameter and 20 µm length. Coscinodiscus is a complex centric structure. It is 
composed of different layers; some have a hexagonal array of pores of around 45 nm and others about 200 
nm. The inner part is composed of radially organised pores with a diameter of about 1150 nm [LOS06].  
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3.1.3 Clay 
3.1.3.1 Introduction  
 Clays are hydrous aluminium silicates and contain some impurities such potassium, sodium, calcium, 
magnesium or iron. Clay is constituted by a sheet of interconnected silicates combined with a second one 
composed of metallic atoms, oxygen and hydroxyl, forming a two-layer mineral (kaolinite). It is widely used 
as an inorganic plasticizer for extrusion process [RAY87]. Clay is indeed a plastic material when sufficiently 
wetted, which becomes strong after drying and vitreous after calcination.  
 
3.1.3.2   Selected powder 
 Kaolin EKA-S (Amberger Kaolinwerke, Germany), composed mainly of 55 % kaolinite, 24 % illite and 
montmorillonite and 20 % quartz, was sieved before compounding between 180 and 500 µm. Table 3-2 
presents the impurities and particle sizes of the two DFA Super Cel and Filter Cel and the clay EKA-S. 
 
Table 3-2: Impurities contained in the diatomite filter aids and clay. 
Impurities Super Cel Filter Cel EKA-S 
SiO2 (%) 91.1 89 57 
Al2O3 (%) 4 3.3 29 
Fe2O3 (%) 1.3 1.4 1.1 
P2O5 (%) 0.2 0.3 - 
TiO2 (%) 0.2 0.2 0.2 
CaO (%) 0.5 0.8 0.3 
MgO (%) 0.6 0.6 0.7 
Na2O + K2O (%) 1.1 1 1.8 
Ignition loss (%) 0.5 1.5 9.9 
Median Particle Size (µm) 15 14 0.9 
 
3.1.4 Silica nanoparticles 
 Nanoparticles are widely studied because of their ability to coalesce at lower temperature than 
microparticles due to their higher specific surfaces. This can lead to an increase in the mechanical resistance 
after calcination in case the particles are homogeneously dispersed into the material.  
 Levasil 50/50% (Obermeier, Germany) is a high purity ion exchange stabilized silica dispersion. It is 
composed of 50 wt.% particles with a median size of 55 nm, a specific surface area of 50 m2/g and a density 
of 1.39 g/cm3. 
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3.2 Oxygen carrier 
3.2.1 Introduction 
 Some examples of oxygen carrier are reported in section 2. Cu-based oxygen carriers are shown 
to have a high reaction rate and oxygen transfer capacity and to have no thermodynamic restrictions 
to obtain complete fuel conversion to CO2 and H2O. The highly exothermic reduction and oxidation 
can enhance heat for the endothermic gasification of the solid fuel for syngas formation. 
Impregnation of the oxygen carrier on the bed material can be made with saturated copper nitrate 
solution, followed by calcination at 550 °C for 30 min in order to decompose it into copper oxide 
[FOR09]. To increase the solid loading, it is possible to repeat the process several times (Chuang et 
al. reported up to five times [CHU08]). Cu-CuO system shows some promising reactivity results 
and stability at low temperature (700 °C) [ZAF06]. Bulk CuO can reduce to Cu in a single step, 
while nanocrystalline materials have the tendency to form stable Cu2O during an isotherm at 250 
°C. Mattisson et al. proposed that Cu2O can be formed in a reactor at temperatures higher than 870 
°C [MAT03]. Use of alumina as a support and CuO as an oxygen carrier is known as producing 
CuAl2O4, which is fully reducible and was shown to lead to no loss of activity [CHU08]. 
 
3.2.2 Selected material_ Copper (II) oxide 
 A copper (II) nitrate trihydrate (Sigma Aldrich, 61194) with purity higher than 99 % is selected to 
impregnate the developed supports. Some traces of chloride and sulphate (maximum of 20 mg/kg and 50 
mg/kg, respectively) and of calcium and cadmium (maximum of 10 and 5 mg/kg, respectively) can be found 
in this product. 
 
3.3 Gases 
3.3.1 Introduction 
 CH4 is the most studied gas even if CO and H2 show higher reactivity [ADA06]. Fuel has to be 
converted into a high fraction of CO2 and H2O. In case of natural gas, the oxidation reaction is exothermic 
and the heat adsorbed by the particles is used in the fuel reactor for the endothermic reaction observed for 
some systems, which leads to a temperature drop in the reactor. In case of syngas, reduction and oxidation 
reactions are exothermic, therefore circulation rates depend on the necessary oxygen to obtain high fuel 
conversion [FOR09]. CLC is usually used at temperatures between 600 and 1200 °C depending on the 
oxygen carrier. High fuel content is necessary in order to maintain the temperature.  
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3.3.2 Selected fuel and oxidizing gas 
 In order to characterize the reactivity of the impregnated oxygen carrier and to stay in accordance with 
the requirements of the thermogravimetric machine, a gas composed of 10 % CO (purity ± 2 %) and 90 % N2 
was selected as the reducing fuel and synthetic air (20 % O2 (purity ± 1 %) and 80 % N2) is chosen as the 
oxidizing gas. It is worthwhile to note that nitrogen is not suitable for the application due to the possible 
formation of NOx during reduction of the oxygen carrier but has to be used for security reasons.  
 Adanez reported the following reduction and oxidation equations with the use of copper oxide and CO 
and O2 as the reducing and oxidizing gas, respectively [ADA10]: 
CO + CuO ↔ Cu+CO2       ∆ H0c= -126.9 kJ/mol  (3-1) 
O2 + 2Cu ↔  2CuO           ∆ H0c= -312.1 kJ/mol  (3-2)
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4. Experimental procedures 
4.1. Processing routes 
 Materials composed of tailored pore sizes were developed and characterized in order to understand the 
importance of microstructure for bed material applications. The different materials used to develop an 
oxygen carrier support are shown in Figure 4-1. Diatomite was chosen as a base for the support due to its 
high porosity, large pore size (mainly in the micrometer range), high thermal and mechanical resistances.  
 Figure 4-2 presents the different processing routes of the study. Route 1 is a material composed of clay 
and diatomite, which was already developed at Empa. This material was used to implement the different 
characterization techniques such as the multi-cycle mercury porosimetry or attrition tests. γ-alumina is 
frequently used as a catalyst support due to its high specific surface area and porosity. A reference Puralox 
Nwa155 from Sasol (Germany) was studied to compare commercial available materials with the developed 
granulates (Section 6). Route 2-a corresponds to peptized pseudo-boehmite based extrudates. Acid content 
and sintering temperature were evaluated. Influence of diatomite content on boehmite used as an inorganic 
binder was determined in route 3-a and addition of silica nanoparticles in the feedstock was characterized in 
route 3-b to understand their influence on attrition resistance and porosity (Figure 4-1). It was especially 
verified that no complete filling of the pores occurred to be able to impregnate afterwards the oxygen carrier 
on the support. A bimodal porosity is usually suitable because smaller pores (micro- or mesopores) enhance 
specific surface area and macropores increase transport and diffusion of the gas inside the porous structure.   
 
 
Figure 4-1: Different routes to develop an oxygen carrier support. 
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Figure 4-2: Processing of the different routes. 
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4.1.1 Route 1 
4.1.1.1 Composition 
 16, 28 and 48 vol.% of clay content were used as a plasticiser and inorganic binder to bridge the 
diatomite filter aid particles after thermal treatment. Additionally, a fixed content of organics was added to 
adjust the plasticity and the extrudability of the feedstocks. This is assumed as increasing interparticular 
porosity after heat treatment. Table 4-1 shows the three different compositions studied: 
 
Table 4-1: Composition of the samples from route 1. 
Materials Weight [%] 
  A B C 
Diatomite Filter Cel 19.1 18.6 17.2 
Diatomite Super Cel 17.1 16.6 15.4 
EKA-S clay 2.9 5.7 12.8 
Binder 1 4.3 4.1 3.8 
Binder 2 2.5 2.4 2.2 
Distilled water 52.2 50.7 46.9 
Oil 1.9 1.8 1.7 
 
4.1.1.2 Processing steps 
 Solid materials were first mixed separately 1 min manually and 2 min in a Kenwood Chef mixer at 30 
rpm. Liquids and oil were stirred in a Janker & Kunkel RE 162A. Solution was then slowly added to the 
solid mixture and mixed 5 min at 120 rpm. The batch was afterwards extruded in a piston extruder LOOMIS 
CE, type 232 16 DT-HS. The material was degassed under vacuum (0.25 bar) in the cylinder chamber of the 
extruder. Extrusion speed was fixed at 18 mm/min. Pressure during extrusion varied from 50 to 40 bar. 
 For fibres shaping, a die of 0.5 mm diameter and 20 mm in length was used with an entry angle of 90°. 
Some rods were also extruded with a 19 mm diameter die (37mm length and an entry angle of 19°) for 
microstructure investigation. A pre-compression step was applied to the material by closing the extruder with 
a tight lid, leading to an increase in the pressure up to 100 bar. After removing the lid, extrusion took place at 
18 mm/min. To avoid longitudinal cracks during drying, rods were placed under a plastic to keep a high 
humidity and to decrease the drying speed.      
 The extrudates were dried in an oven for 3 days at 60 °C. To obtain granulates, fibres of 500 µm were 
broken down with the help of a rolling pin and then sieved to reach the suitable size of 180-500 µm. 
Granulates and rods were sintered in a Pyrotec furnace at 800, 1100, 1200 and 1300 °C at 110°C/h and a 
dwell time of 3 hours. 
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4.1.2 Route 2-a 
4.1.2.1 Composition 
 Pseudo-boehmite G-250 (BASF, USA) with a particle size d50 of 60 µm (given by the supplier) was 
used. It is produced from the conversion of bauxite into gibbsite by Bayer process, followed by an acid/base 
dissolution and precipitation. To investigate the primary particle size, specific surface area of 295 m2/g was 
determined by Brunauer- Emmett- Teller model (BET). Considering spherical particles, dBET was calculated 
as 9 nm and agglomeration factor close to 6900. For redispersion, deionised water and acetic acid (peptizing 
agent) were used.  
 
4.1.2.2 Processing steps 
 Humidity of pseudo-boehmite powder was measured at 130 °C before mixing step to achieve the same 
liquid content in the batch. Liquid is defined as the combination of powder humidity, water and acid added to 
the batch. Kneading time and number of revolutions per minute were kept constant. Samples were prepared 
with a constant solid content of 82 wt. % and peptized with acetic acid from 0.007 to 3.76 M. After 60 min 
mixing time at 40 rpm in a kneader (Janke & Kunkel, IKA Labortechnik RE 162/P Analog, Germany), pH of 
the feedstocks (boehmite-water-acid paste) were determined as well as humidity content using a pH-meter 
(Mini Lab IQ128 Elite, IQ Scientific Instruments, USA) and a humidity determination machine (HR83 
Halogen, Mettler Toledo, Switzerland), respectively. The ceramic feedstocks were shaped into 1.5 mm 
cylindrical extrudates using a capillary rheometer (Rosand RH7, Malvern, Germany). In order to obtain γ-
alumina phase, extrudates were calcined in air at 5 K/min until 550, 700 or 850 °C with a dwell time of 2 
hours. Granulates with a size between 180 and 500 µm were afterwards obtained by grinding and sieving. 
 
4.1.3 Route 3-a 
4.1.3.1 Composition 
 The two previously mentioned diatomite filter aids Filter Cel and Super Cel (Celite, World Minerals Inc., 
USA) were added to the peptized peudo-boehmite G-250 (BASF, USA) during compounding. Peptization 
was carried out with 1.87 M of acetic acid. Liquid content in the batch was about 40 wt.%.  
 
4.1.3.2 Processing steps 
 Pseudo-boehmite and diatomites were first mixed for 2 min at 25 rpm, acetic acid solution was then 
added to the solid materials and the speed was increased to 30 rpm and 40 rpm after the third and fourth 
minute, respectively. After 6 min kneading, organic binders were added. Total compounding step took 1 
hour. The feedstock was afterwards extruded through a 1.5 mm diameter die into a capillary rheometer 
(Rosand RH7, Malvern, Germany) and dried for more than 48 h at room temperature. Calcination step was 
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carried out in air at 5 K/min to 700 or 850 °C with a dwell time of 2 hours. Granulates with a size between 
180 and 500 µm were prepared by grinding and sieving after heat treatment (Figure 4-2). 
  
4.1.4 Route 3-b 
4.1.4.1 Composition 
 A dispersion of silica nanoparticles Levasil 50/50% (Obermeier, Germany) was added to the batch 
during kneading in order to increase the attrition resistance of the granulates. Particles are expected to be 
better dispersed in the batch than by impregnation after the calcination step and this method permits to avoid 
the second calcination step necessary after impregnation technique. Different silica particle contents were 
studied: 23 and 32 vol.% with calcination temperatures of 700 °C and 850 °C in order to increase the 
coalescence of the particles. 
 
4.1.4.2 Processing steps 
 This dispersion was compounded with the other materials and added after 6 min kneading. The organics 
2 and 3 (Figure 4-2) were added after 10 min kneading. Calcination was performed in air at 5 °C/min to 700 
or 850 °C with a dwell time of 2 h. 
 
4.1.5 Oxygen carrier impregnation 
 A solution of copper nitrate trihydrate from Sigma-Aldrich (61194, Switzerland) was selected due to its 
high purity (> 99 %). Impregnation of 4.0 g of granulates was performed in a 1.5 M solution during 14 hours. 
Calcination step was made at 550 °C during 30 min in order to decompose it into copper oxide, as advised by 
Forero et al. [FOR09]. The oxygen carrier was afterwards stabilized during 1h at 850 °C in air.  
 
4.2 Characterization techniques 
4.2.1 Extrudability tests 
 Extrusion tests were performed with a capillary rheometer (Rosand RH7, Malvern, Germany) with a 
speed of 3 mm.min-1 and a shear rate of 70 s-1. A die of 1.5 mm orifice diameter and no angle was used for 
the experiments. Speed was kept constant for all samples. It is worthwhile to note that faster speed could 
increase the aspect properties of the extrudates. 
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4.2.2 Microstructure 
 A material is described by its particle size distribution, pore size/ shape, densities, phases and 
microscopic analyses. This chapter details different characterization techniques used in this work. 
 
4.2.2.1 Particle size distribution 
 Particle size distribution were analysed by laser diffraction (LS230, Coulter, Switzerland). Powders were 
dispersed in water solution and measured with ultrasonic. A standard deviation of maximum 3 % of the 
particle size was determined for this apparatus [PYE04]. 
 
4.2.2.2 Densities and total porosity 
 For densities measurements, all samples were dried overnight at 180 °C in air. Relative densities 
ρgeom of calcined extrudates were determined with Archimedes principle with mercury at room temperature. 
Calculation is based on the weight of the dried sample, its loss when submerged and density of mercury, see 
equation (4-1). It corresponds to the apparent density determined by Hg porosimetry, comparing the 
displacement of mercury occurring from the presence of the sample at low pressure compared to the blank 
measurement. Temperature influences mercury density. Mercury is assumed as not infiltrating the porous 
structure because of its non-wetting properties. Due to this reason, it is used to determine a solid composed 
with both open and closed pores.  
 
Hg
wet
geom
mm
m ρρ ⋅
−
=
 (4-1) 
Skeletal density ρHe and true density for powders were determined with a gas pycnometer 
(Micromeritics, Accupyc II 1340, Germany). Porosity ε was determined with the equation (4-2). 
  
1001 ⋅−=
He
geom
ρ
ρ
ε
 (4-2) 
 
4.2.3 Mercury porosimetry 
4.2.3.1    Procedure 
 Total porosity and average pore size were evaluated by a mercury intrusion porosimeter (Pascal 140/440, 
Thermo Fisher, Germany). Surface tension and contact angle of mercury were set to 0.480 N/m [RIT45] and 
140°, respectively (contact angle is commonly fixed at 130° or 140° irrespectively of the sample material). A 
standard deviation of 10 % is frequently chosen for porosity and pore size determinations. Samples were 
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previously dried overnight at 180 °C and weighted before being placed in the dilatometer (specimen holder). 
It is then assembled and the weight of the dilatometer with the sample was determined. Mercury is 
afterwards introduced into the degassed dilatometer. Aligizaki mentioned that residual air in particle pores or 
in the dilatometer may lead to maximum of 10 % error in pore volume distribution [ALI06]. Pressurization is 
made at low pressure by pneumatic means until a maximum of 400 kPa is reached. The filled dilatometer is 
then weighed to determine the weight of mercury introduced in the dilatometer. The dilatometer is placed 
afterwards in the high pressure machine (maximum 200 or 400 MPa), where pressure is applied with a 
hydraulic pump [ALI06]. Only few materials containing metals, such as aluminium or gold, react with 
mercury to form an amalgam. In this case, another fluid than mercury has to be used. Mercury has to be 
carefully cleaned in a glass siphon or sent to a recycling centre. Volume of mercury intruded in the sample is 
measured at a given pressure. It is determined by the decrease in height of mercury in the tube of the 
dilatometer. Increasing pressure on mercury will lead to the filling of smaller pores. Determination of pore 
size at a certain pressure is made with Washburn equation, as explained in Section 3. High pressure mode is 
monitored by continuous mode. This means that pressure is continuously applied with a predetermined rate 
without taking care about equilibrium, in contrary to old machines which are working by incremental mode. 
It is possible in this case to choose to use an equilibrium time of 5 min to avoid temperature rise at high 
pressure [ALI06]. Incremental mode has also some drawbacks, such as the inability to keep the pressure 
constant, long analysis time and limited data point collection. 
 
4.2.3.2 Ink-bottle determination by multi-cycle porosimetry 
 A porous material is usually composed of random pore sizes, larger ones called ink-bottles are connected 
to the surface by smaller ones. During increase in pressure in sample composed of ink-bottle pores, volume 
of mercury intruding the pores depends on the immediate pore neck and during mercury retreat to the ink. In 
this particular case a larger volume will be attributed to narrow pores at high pressure due to pore network 
effect. Retreat of mercury will happen at lower pressure in cylindrical blind pores than in open through ones. 
More information concerning multi-cycle porosimetry and Kloubek semi-empirical equations were 
previously reported in van Garderen et al. [GAR12, GAR13]. The multi-cycle porosimetry method is based 
on the assumption that the ink-bottle pores are still filled with mercury after the first cycle and that no 
additional remains when observed in the second cycle, leading to the determination of neck size. Volume of 
the ink-bottle pores present in the sample is assumed to correspond to the mercury volume remaining in the 
sample after 1st extrusion. This technique permits also to evaluate the presence of ink-bottle pores accessible 
by neck pores by calculating the difference of pore volume of a particular size between 1st and 2nd intrusion. 
In the case of high ink-bottle contents, it is possible to conclude about the high heterogeneity of the sample 
in term of pore size distribution. Error can be obtained in case pores with large access to the surface are 
categorized as ink-bottle pores.  
 Figure 4-3b schematically presents the filling of open pore types, e.g. small and large blind, open 
interconnected through, and ink-bottle pores according to the applied pressure during a multi-cycle test 
(Figure 4-3a). During first intrusion, larger pores are filled at low pressure, whereas smaller ones are filled 
with the non-wetting liquid at higher pressure. In the extrusion step, decreasing pressure leads to the retreat 
of mercury first in the small pores followed by the largest. It was assumed in this model that in open-through 
ink-bottle pores, mercury can retreat from the necks, but can not in a blind pore composed of a small pore 
behind the ink. 
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Figure 4-3: Scheme of two intrusions (pressurization)/ extrusions (depressurization) curves (a) and the filling 
of open and blind pores at applied pressures (b). Dark grey corresponds to the 1st filling and light grey to the 
2nd one [GAR12].  
 
4.2.4 Nitrogen sorption 
 Total surface area, pore volume and pore size distribution are primordial parameters in bed material 
applications as they determine the accessibility of the active sites, which are related to catalytic activity. Sing 
et al. considered gas adsorption as the most suitable characterization technique because it provides 
information on surface but also on pore size distribution (micro and meso-pores) [IUP85].  
 
 Nitrogen sorption is a non destructive technique, which is widely used in the characterization of catalysts 
and industrial adsorbents. It was suggested by IUPAC that the external surface includes every prominences 
and cracks, pores, and cavities which are deeper than wider and accessible to the adsorptive. The quantity of 
adsorbed gas at a given pressure increases with decrease in temperature. Nitrogen is often used at its boiling 
temperature (77 K) because of its low reactivity with most of the solids.  
 
4.2.4.1 Procedure 
 Physisorption allows the determination of surface areas and pore size distributions of different porous 
materials. Nitrogen at 77 K is usually recommended. The lowest limit of the absolute surface that nitrogen 
can detect is approximately 0.5-1.0 m2/g. Krypton is recommended for very low surface (0.05 m2/g). 
Adsorbed layer is however not as well defined as with nitrogen. A BET device (type SA 3100, Coulter, 
Switzerland) was used for specific surface areas and mesoporosities determinations. After verification of 
samples from the different batches, standard deviation of the specific surface was no more than 15 %. 
 At cryogenic temperatures, weak molecular attractive forces will cause the adsorption of the gas 
molecules (usually from nitrogen) at the surface of the sample. A controlled volume of gas is added into the 
vessel and reduced pressure, caused by adsorption, is measured after each addition of gas. The accessibility 
of pores is dependent on the size and shape of the gas molecules, the area and volume of the pores. 
Roughness of the wall is also taken into account. Pore filling is dependant on the pore shape and is 
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influenced by the adsorptive properties and the adsorbent-adsorbate interactions. An adsorption isotherm 
results from the volume of gas adsorbed versus relative pressure.  
 In modern equipment, nitrogen is adsorbed from a mixture of helium and nitrogen. This gas has a high 
thermal conductivity and leads to a rapid equilibrium. The physisorbed contaminants linked with van der 
Waals forces are removed by applying vacuum. Pressure and temperature are recorded after that a given 
volume of helium was intruded in the vessel. It is worthwhile to note that helium is not adsorbed by the 
surface. After removing helium, nitrogen is intruded and the volume of gas is determined, after equilibrium, 
as proportional to the difference of pressure before and after intruding nitrogen. However, the amount of 
adsorbed gas is not linear. Isotherm is conducted point-by-point by admission and withdrawal of a certain 
amount of gas with a sufficient time to allow equilibration of each point. About 30 equilibrium points are 
recorded for each adsorption and desorption steps. Equilibrium is reached when the difference of pressure is 
not higher than 1303 Pa over 5 minutes [ASTM D4222]. Adsorption of nitrogen is made from the smallest to 
the biggest pore and is assumed to be independent from the network [SEA91], desorption can however 
depend on metastable nitrogen located in ink-bottle pores. According to pore shape, it is possible to base the 
calculation either on the adsorption or the desorption curve. It is usually preferred to use desorption but the 
adsorption branch leads to lower error in the calculation with presence of ink-bottle pore. This is because the 
ink-bottles can not evaporate before the neck. Therefore, equilibrium is assumed to be more easily reached 
during adsorption [LOW91]. It is assumed by IUPAC that desorption branch with a type H2 loop should not 
be used to determine pore size distribution. Large pores are not measured when gas pressure can not reach 
saturation and when no condensation occurs. 
 
4.2.4.2 Specific surface area 
 Specific surface area is the total surface of the sample in contact with an external environment (e.g. air, 
nitrogen). Surface area can be determined by two methods, which do not take into consideration the surface 
character of the adsorbent: BET method and χ theory. BET model is the most widely used and is explained 
below. The common analytical method to determine specific surface area is to deduce, from the isotherm, the 
amount of gas required in the formation of a monolayer (monolayer capacity) and is determined in the range 
of relative pressure below 0.35. Since the surface of one gas molecule can be determined, it is possible to 
estimate the surface SSA (m2/g) for all molecules. 
 
Amml SVSSA Ν⋅⋅=    (4-3)    
Where Vml is the monolayer capacity, Sm the average area occupied by one molecule of adsorbate in the 
completed monolayer (or molecular cross-sectional area, in m2.molecule-1) and NA the Avogadro constant 
(6.02 .1023 molecules.mol-1). 
 
4.2.4.3 Mesopore size distribution 
 Mesopore size distribution is mainly determined by Barret-Joyner-Halenda model [BAR51] based on 
Kelvin equation, which relates to pore sizes versus the relative pressure of the gas at which capillary 
condensation occurs in the pore [THO71]. Capillary condensation of nitrogen is used in the determination of 
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mesopore due to its permanent quadrupole moment. This is responsible for the formation of a well-defined 
monolayer on most surfaces. It also involves the curvature of the meniscus. The value of the mean curvature 
depends on the relative wettability of the pore wall and on the size and shape of the pores. In a uniform 
cylindrical pore of radius r or in a parallel slit of width r, the mean curvature is -2cos θ/r with θ the contact 
angle. BJH model was first developed for relatively coarse porous materials and afterwards to all types of 
porous materials. It assumes that the meniscus curvature is dependent on the size of cylindrical and rigid 
mesopores, that the size distribution does not extend continuously from the mesopore into the macropore 
range and that no pore blocking effect occurs. Considering the desorption step, each volume of adsorbate is 
divided between the inner pore emptying and the thickness. It also assumes that the nitrogen monolayer is 
close-packed, which means that the average surface Sm (N2) = 0.162 nm2 at 77 K. Influence on packing can 
happen due to different adsorbent- adsorbate interactions. Pore radius corresponds to the determined Kelvin 
radius rk and the thickness of the adsorbed film (Figure 4-4) that remains on the surface after pore evacuation 
[ROU94].  
 
The thickness of the adsorbed film (in mm) on the pore walls can be calculated as the following: 
 
τ⋅=
m
ads
V
V
t
 (4-4) 
Where: Vads is the volume of the adsorbed gas (mm3 of adsorbate per gram of adsorbent), Vm the volume of 
gas adsorbed on a complete monolayer (mm3 adsorbate per gram of adsorbent), τ the thickness of a 
monolayer (mm).  
 
The nitrogen monolayer is usually assumed to be hexagonally packed (the densest molecules packing), 
which would lead to equation (4-5): 
 
m
S
V
S
V
Am
mol
mol
mol 101054.3 −⋅=
Ν⋅
==τ
 (4-5) 
Where: Vmol is the volume occupied by one mol of liquid nitrogen (34.6.10-6  m3), Smol the area occupied by 
one mol of liquid nitrogen, Sm the area occupied by one molecule of nitrogen (16.2.10-20  m2), NA the 
Avogadro constant.  
 
 Shull et al. determined the t-curve by assuming that the thickness of the adsorbed layer in the pores is the 
same as the thickness on a flat surface and that all pores will be filled at relative pressure close to 1. They 
grouped the pores according to their size with 0.5 nm intervals up to a pore radius of 6.0 nm and then of 1.0 
nm for pore size larger than 6.0 nm [SHU48]. It is assumed that BJH model can be calculated for cylindrical 
pores and slit- shaped pores [ALI06]. 
 
trr kp +=  for cylindrical pores,  (4-6) 
trd kp 2+=  in case of parallel slit shaped pores. (4-7) 
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Figure 4-4: Schematic for the calculation based on BJH model (adapted from [ALI06]). 
 
 Lastoskie et al. considered that the Kelvin equation would underestimate pore size and would not be 
reliable for pore size below 7.5 nm [LAS93]. Rouquerol et al. estimated its reliability down to about 10 nm 
[ROU94]. Slit shaped pores are often filled by multilayer condensation. A reliable monolayer capactiy is 
obtained in case a sharp knee of the isotherm is observed, leading to a C constant higher than 100. A very 
low C (< 20) is associated with an overlap of monolayer and multilayer adsorption. In this precise case, 
surface area result is not relevant [IUP85].  
 
4.2.4.4 Micropores 
 Different concepts or models exist to describe micropore volumes and size distributions. Because this 
topic is only a small part of this work, only the most used one will be described in the following section. It 
was indeed chosen to describe briefly the micropores present on peptised alumina samples. t-curve was 
determined with Harkins-Jura equation (4-9) and surface areas at relative pressure between 0.052 and 0.196. 
The micropore surfaces were determined by calculating the ratio of surface that is not an external surface 
with the total surface area (from BET model). Micropore volume ratio is evaluated from the adsorbed 
volume. 
t-plot model 
 This method was developed by Lippens and de Boer and consists in the comparison of an isotherm for a 
microporous material (type I) with a reference called t-standard curve, which is obtained from data on 
nonporous adsorbents with a C constant similar to the microporous sample [LOW06]. Adsorbed nitrogen per 
unit of surface area depends on the relative pressure and is expressed by the so-called t-curve (adsorbed gas 
volume versus the thickness). In case of a non-porous material, a line starting from 0 will be observed. In 
case of a slope going up this line, presence of mesoporosities is determined, while presence of 
microporosities is concluded in case of a slope going down. If the obtained line is going down and up 
compared to the reference line, it is possible to conclude to the presence of both porosities. The amount of 
nitrogen adsorbed is plotted versus the thickness of the layer. It can be applied even if the knee is not well 
defined (low C value). Average thickness ṫ of the layer can be calculated with equation (4-8): 
ṫ τ⋅





=  
W
W
m
ads
 (4-8) 
Where: Wads is the adsorbed amount, Wm the adsorbed multilayer, τ the thickness of an adsorbed monolayer 
(0.354 nm for N2),  
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 Harkins-Jura (developed in 1944) and Halsey (developed in 1948) are the most commonly used 
equations to calculate the thickness [LOW06]. De Boer developed first an equation to determine the 
thickness of nitrogen layer at 77 K on non-porous adsorbents of oxide materials, such as silica. Harkins and 
Jura adapted the equation for non-porous alumina materials and assumed a hexagonal close-packing of 
nitrogen molecules. This equation is frequently used to determine zeolites. 
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 This model is known as leading to some inaccuracies for large volume of micropores. Moreover, it is not 
effective at very low relative pressure (P/P0) for nitrogen isotherms where the submonolayer takes place 
[ALI06].  
 
Dubinin-Astakhov model 
 Micropore volume V0 was determined using Dubinin-Astakhov model (4-10) [LOW06]. It is an 
adaptation from Dubinin-Raduhkevich DR method, which is a more general equation procedure. 
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Where: K is an empirical constant which depends on pore shape, n the Dubinin- Astakhov parameter (vary 
between 2 and 5 (equals to 2 in DR equation for carbonaceous molecular sieves)), Wads and ρ the weight 
adsorbed and liquid adsorbate density and V0 the micropore volume.  
 
4.2.5 Comparison with different techniques 
4.2.5.1 Surface area determination 
 Surface area determination by nitrogen sorption is based on BET model and is a widely used technique. 
Mercury porosimetry can also give information about the surface by considering the intrusion of mercury in 
cylindrical pores of particular diameter. This allows the determinations of the total volume of cylinders of a 
certain diameter. Surface area of cylinders is the ratio of surface area to volume of a cylinder of 2/r (where r 
is the radius of the cylinder in the intraparticle region). Rigby and Edler proved that fragmentation does not 
influence the pore structure due to similar results of surface area of pellets and of fragmented samples 
[RIG02]. Therefore, intraparticle pore volume was the same for both samples. Lowell and Shields mentioned 
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the case where surface area calculated from MP was higher than from BET and concluded the presence of 
ink-bottle pores in the sample caused by an overestimation of smaller pore volume [LOW81]. In case the 
surface from BET is higher than the one calculated with MP, the pore surfaces are determined as rough due 
to the high surface layer of nitrogen molecules. According to Aligizaki, surface areas determined by MP and 
BET might be similar because large pores from MP contribute slightly to the calculation [ALI06]. Deviation 
is mainly observed for samples with high surface, where pressure is too low to infiltrate pores with mercury. 
 
4.2.5.2 Pore network 
 Nitrogen sorption and porosimetry provide relatively reliable information for chemically stable materials 
on pore volume and pore size distribution of different ranges. According to the chosen model, nitrogen 
sorption can determine open pore size distribution from 0.35 to 100 nm and Hg porosimetry from 7 nm to 40 
µm. Because the inner porosity during mercury intrusion is related to its pore entrance, it usually shows 
smaller pore sizes than scanning electron or optical microscopy.  
 By comparing mesopore size distribution by nitrogen sorption and Hg porosimetry, Rigby could 
compare the 2nd intrusion curve with N2 sorption results due to the decrease in pore network effect [RIG02-
2]. In case nitrogen sorption is compared to the 1st intrusion, nitrogen pore volume should be smaller than 
porosimetry results because large pores (> 60 nm) can not be filled with nitrogen. It is assumed that when 
compared to the 2nd intrusion, nitrogen pore volume will be larger than MIP. In case of ink-bottle of smaller 
pores, in less connected systems or placed further from the surface, N2 sorption will lead to a higher volume 
in the mesopore than with porosimetry. Kaufman studied the ink-bottle effect on cement with multi-cycle 
porosimetry and nitrogen sorption [KAU10]. He filled the larger pores with melted wood metal (50% Bi, 
26.7% Pb, 13.3% Sn, 10% Cd), which is a non-wetting liquid that infiltrates pores under pressure. He 
measured the smaller ones, which were not filled with metal and neck with nitrogen sorption and then 
compared them to multi cycle porosimetry results. Rigby et al. studied this phenomenon with mercury 
[RIG04]. Use of multi-cycle porosimetry in raw powders (here diatomite filter aids DFA) was shown 
previously as correlating to DFA based extrudates [GAR12]. 
 
4.3 Microscopy analyses 
 Raw materials, cross sections of fractured extrudates as well as their surfaces were observed by scanning 
electron microscopy (SEM) with a TS 5136MM apparatus (Tescan). Pore structures were determined with 
the back-scattered electron detector. Stereology was based on direct observations of plane cross-section of 
the solid and statistical results were determined. To ascertain the microstructure of diatomite-clay samples 
(Route 1-a), samples were infiltrated with resin Araldit BY158 and Aradur 21 under vacuum under 60 MPa 
in a Vitek isostatic press. The samples were then polished down to 1 µm with a diamond suspension and a 
hard silk cloth (DP-dur, Struers) on a Jean Wirtz Phoenix 4000 apparatus. Before observation, samples were 
sputter coated with a gold-palladium layer to avoid electrical charging.  
 Scanning Electron Microscopy with Energy-Dispersive X-ray Spectrometry (SEM-EDX) was performed 
with a TEM Grid (Plano GmbH, Germany) to determine the presence of copper on some selected 
impregnated samples. 
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4.4 Permeability 
 A test was developed at EMPA (High Performance Ceramics) to determine the permeability of the 
developed samples. It consists of two metallic tubes, which permits to block the sample (of approximately 
2.8 ± 0.5 mm height and diameter between 6 to 14 mm) between each other. The inlet is connected to the air 
bottle and to the flowmeter, while the outlet is connected to a pressure detector. To avoid that the gas is 
circulating around the sample and not into the pores, a nail varnish was applied on the outside of the sample.  
 Fluid velocity vfluid was first determined in function of the flow rate Q and sample cross-section SA 
(equation (4-11)). Permeability k was calculated from the fluid velocity and air viscosity µ (18.27 µPa.s), the 
height of the sample h and the difference of pressure ∆P between the inlet and the outlet (equation (4-12)). 
Permeability of different samples from the same batch was determined to have a standard deviation of about 
1 %. 
 
SA
Q
v fluid =  (4-11) 
 
P
hv
k fluid
∆
⋅⋅
=
µ
 (4-12) 
 
 
4.5 Thermogravimetry and thermodifferential analyses 
 Thermogravimetry TG and single thermodifferential analyses or SDTA were performed with a TGA/ 
SDTA851 machine (Mettler Toledo Corporation, Switzerland) under the following conditions: alumina 
crucibles, 5 °C. min-1 heating rate, 50 cm3.min-1 air flow. SDTA is similar to a DSC device, temperature 
differences between the sample and the reference are referred to as a change in enthalpy of the sample. 
 
4.6 Phase analysis 
 Phase compositions of granulates were analysed with an X'Pert Pro PW3040 X-ray powder 
diffractometer (PANanalytical, Switzerland) using Cu target (Kα, λ=0.15406 nm) radiation at 45 kV and 40 
mA settings. Samples were crushed into powder and mounted with the help of grease into a silicon single 
crystal. Alumina based materials required longer time (2-3 h) measurement in order to increase the resolution 
of the diffractogram due to the presence of amorphous phase. Clay based materials needed only 1 h 
measurement.  
 
4.7 Infra-red spectroscopy 
 IR spectrometry was performed with a Bio Rad FTS 6000 (Protmann Instruments AG Beil-Benken, 
Switzerland) with ATR technique. Absorption of IR radiations occurs when the wave frequency corresponds 
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to the resonating frequency of the bond vibration (e.g. stretching, bending, twisting). According to the 
corresponding wavelength of those vibrations, type of bonding can be deduced.  
 
4.8 Oxygen carrier characterization 
 An important parameter to take into account is the oxygen transport capacity or oxygen ratio, which 
corresponds to the mass fraction of oxygen that can be used during the oxygen transfer of the metal oxide for 
a given mass flow.  
 Looping efficiency or maximum capacity R0 is evaluated by the following equation (4-13) [ABA07]. 
Another parameter is the reaction rate, which is calculated from the slope of the reduction/ oxidation curve 
over time. Both parameters influence the amount and the recirculation flow of the material [LYN01].  
1000 ∗
−
=
ox
redox
m
mmR
 (4-13) 
Where: mox is the mass of the oxidized form of the oxygen carrier and mred the mass of the reduced form. 
  In order to determine the oxygen carrier efficiency according to its support, impregnation of the 
oxygen carrier was performed with a fixed molar concentration. Influence of microstructure on impregnation 
was determined by weighting the samples before and after impregnation. Phases were determined according 
to the chemical surface of the support. 
 The developed materials were afterwards tested in a thermogravimetric machine (TGA/ SDTA851, 
Mettler Toledo Corporation, Switzerland). In order to verify the performance of impregnated supports, 
granulates were submitted to three cycles of reducing and oxidizing gas at 850 °C. Reducing gas was 
composed of 10 % CO and 90 % N2 (purity ± 2 %) and the oxidizing gas of 20 % O2 and 80 % N2 (purity ± 1 
%). Flow gas was about 50 cm3/min. Before changing gas, the chamber was cleaned with N2 during 5 min. 
The mass spectroscopy was performed on three selected samples to investigate the effect of macro- to 
mesoporosity. The looping experiments were made for 25 h in a Netzsch STA 409 CD thermobalance 
coupled to a Netzsch QMS 403 C Aeolos mass spectrometer. The following gases were used: 10 % CO and 
90 % He (purity ± 2 %) was selected as the reducing fuel and synthetic air (20 % O2 and 80 % N2 ( purity ± 1 
% O2)) as the oxidizing gas. As mentioned for the previous test, the oxidizing and reducing gases were 
interchanged at 850 °C every 20 min to stabilize the oxidized or reduced carrier. Between each gas, nitrogen 
was flushed during 5 min to clean the chamber.  
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4.9 Characterization of mechanical resistance 
4.9.1 Compression strength 
 Six parallel plan cylinders with a height of 10 mm and a diameter of 7 mm were extruded and sintered at 
different temperatures. Compression strength was determined with a Zwick Z005 device (Germany) by 
pressing until fracture of the material.  
4.9.2 Attrition resistance 
4.9.2.1 Introduction 
 Several techniques to characterize attrition were already referenced by Bemrose [BEM87]. They were 
classified into two groups, mechanical and physical testing (Figure 4-5).  
 
Figure 4-5: Type of attrition tests. 
 
 Forsythe and Hertwig were the first to develop a high velocity air-jet attrition apparatus in order to test 
their catalysts over time [HER49]. Use of a high viscous fluid during attrition will decrease the impacts, 
turbulence will increase the local particle velocity and therefore, the impact frequency and their intensity. 
4.9.2.2   Grindability test 
 Neikov mentioned that ball mills are easy to use, reliable and safe, even if they are noisy and high energy 
consuming [NEI09]. Energy is consumed on wear of balls and wall, friction and heating of the material. 
Grinding is influenced by the number, size and material of the balls, the sample volume, the volume and 
material of the container and the rotation speed and number of revolutions (attrition time) of the mill (Figure 
4-6). 
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Figure 4-6: Parameters influencing the attrition behaviour. 
 
 Raghuraman mentioned that the grinding rate decreases over time with the use of single-sized balls 
[RAG00]. A decrease in attrition with time may be due to the smoothing of the particles into spherical shape, 
which attrite less. Ramanan et al proved the influence of ball diameter to particle diameter on grinding 
properties [DAI96]. 
 In case too many balls are used in the test, a decrease in the power consumption is observed leading to a 
decrease in the effective ball-impact energy due to hindering of the balls. In case of no hindering of the balls, 
their number will only influence the ball-impact frequency but not the ball-impact energy. With low filling of 
the mill, collisions are the main energy transfer mechanism. In that case, kinetic energy of the balls, fraction 
of kinetic energy to the powder and quantity of the material trapped during collision are influent parameters 
for attrition characterization [MAG96].  
 Berry and Kamack observed that the minimal particle size reached after dry milling was 1.0/ 1.3 µm for 
ilmenite, limestone and silica [BER58]. Lower particle size could be reached with a grinding aid (addition of, 
for example, 0.75% water and 0.13% of lignin). Berry and Kamack also worked out that a decrease in ball 
size results in an increase in grinding rate, but mentioned that the minimum effective ball size depends on the 
mill diameter [BER58]. More precisely with balls between 4 and 13 mm diameter, ball and mill sizes are 
important parameters in grinding efficiency. It is however important to take into consideration the possible 
increase in collision forces with larger balls. 
 A “dead zone” exists between two balls where no grinding effects occur [MIO01]. Decreasing the size of 
the balls will lead to a decrease in this “dead zone”. Grinding rate is increased by increasing the rotational 
speed of the mill and is proportional to the specific impact energy regardless of the mill diameter, ball filling 
ratio and ball diameter. Gwyn obtained an equation determining attrition in jets as time dependant [GWY69].  
 
mtkW ⋅=
 (4-14) 
Where W is the weigh fraction attrited, t the time, k a constant depending on the initial particle size and m an 
exponent approximately independent on the initial particle size.  
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4.9.2.3 Attrition interpretation 
- Energy 
 For some materials, a unique fine distribution suggests that the attrition is proportional to the breaking 
energy supplied during the process. Rittinger’s surface theory states that the energy consumed is proportional 
to the area of the new formed particles. Kick’s volume theory suggests that the energy is proportional to the 
volume or weight of the formed particles. It is very difficult to determine the energy adsorbed by the product 
compared to the one adsorbed by the container. Bong’s Work Index [BON52] is widely used with Bond’s 
law of comminution energy. It stipulates that the total work to break particles is inversely proportional to the 
length of the square of the produced particles, proportional to the length of the cracks tips and to the square 
of the formed surface. 
 
- Surface 
 The standard Hardgrove test (ASTM Norm D-409 Standard, called “Standard test method for 
grindability of coal by hardgrove-machine method”) is composed of a ball mill with eight balls of 25 mm 
diameter. Speed is 21 rpm and spring pressure is applied on the particles. Grindability is determined by the 
increase in surface area on coal sample after 60 revolutions. New surface was calculated with Rittinger’s law 
after sieving the material in different fraction with two different sieves. Hardgrove index is defined as 6.93 
W + 13, where W is the mass of attrited particles of 200 mesh (74 µm) [HAR32].  
 
- Particle size 
 An attrition index was determined by Alcan based on the difference between initial and final cumulative 
sieve fraction weights larger than 45 µm [ALC82]. Alcoa’s attrition index was based on particles of 44 µm 
[LCO82]. 
Forsythe and Hertwig defined an attrition rate 100*
3251
21
meshm
mm
>
−
 by measuring the particles finer than 325 
mesh (or 44 µm) after 1 hour experiment [HER49]. In this equation, m1 is the weight of particles at start, m2 
the particles smaller than 44 µm after 1 h test and m1>325mesh the mass of particles larger than 44 µm at the 
beginning of the test. These parameters have been chosen in an arbitrary manner. 
 
 
4.9.3 Development of an attrition test 
 Attrition resistance is frequently characterized by comparing the particle size distribution of a material 
before and after the test or by measuring specific surface area of the samples by Brunauer-Emmett-Teller 
method (BET). Obviously BET can not be used for porous granulates because the internal specific surface 
area will not significantly change during the attrition test and fine particles from abrasion of the edges can be 
formed (fines) [STE98]. An easy and reproducible test has been developed to investigate attrition resistance 
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of the produced granulates. This test was adapted from the ASTM Norm D-409. The material was ground in 
a ball milling device, where the rotating container enhance the ball velocity and leads to an increase in the 
ball impacts. Neikov et al. explained that the attrition occurs due to the accumulation of defects, which leads 
to a local concentration of stress [NEI09].  
 
 Attrition tests were performed with a ball milling device (type RM1, Zoz GmbH). For standard attrition 
test, four zirconium oxide balls (25 mm diameter) and a standard 250 ml polyethylene bottle (Ø 64 mm, H 
120 mm) were used. The rotation speed was fixed at 60 rpm. The granulates fill approximately 2 vol.% and 
the balls 13 vol.% of the polyethylene bottle. Therefore, a large volume of the bottle (85 vol.%) is empty to 
achieve a sufficient milling efficiency. The attrition resistance of granulates was evaluated for different 
attrition times (e.g. number of revolutions). Attrition resistance was measured by weighing granulates 
passing through the smaller sieve during wet sieving (in order to avoid additional attrition). This is a 
comparative technique. Wet sieving was done by washing the granulates through a 180 µm mesh size sieve 
with water, followed by a drying step at 120 °C in an oven (40 h). The attrition resistance AR was calculated 
by using the following equation: 
 
100*
1
21
m
mmAR −=
 (4-15) 
Where: m1 the total mass of granulates used during an attrition test and m2 the mass of the attrited material 
(passing through the 180 µm mesh sieve). 
 
 Attrition resistance was represented on the y-axis, which was calculated using equation (4-15) versus the 
number of revolutions. The attrition was investigated for different number of revolutions. All samples 
showed an exponential attrition behaviour in relation to the number of revolutions (e.g. attrition time). 
Repeatability and parameters influencing attrition resistance of the materials are presented in the section 
Results and Discussion. Attrition resistance index ARI was determined as the absolute value of the 
exponential equation.  
 
4.9.4 Attrition resistance Index 
 Some methods were already presented to characterize attrition resistance. However, a faster technique 
was developed, the attrition resistance index or ARI. Due to significantly different attrition behaviour of the 
materials, it is not easy  to compare the results of all tests at a fixed number of revolutions. For example, 
below 100 revolutions, no significant difference between the materials could be observed. While above 
10000 revolutions, samples heat treated at 800 °C are almost completely ground. As mentioned before, all 
samples showed an exponential attrition behaviour. The absolute exponent value│B│ of equation (4-16) was 
defined as the attrition resistance index. With increase in attrition resistance leading to a decrease in wear, a 
decrease in the ARI is observed. 
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XBeAAR ⋅⋅=
  (4-16) 
 
Where: AR attrition resistance [%], X the number of revolutions. A is a positive constant and B is a negative 
one that describes the attrition behaviour of a sample depending on the number of revolutions. Attrition in a 
milling test is enhanced by impact and friction. Correlation between Attrition Resistance Index and 
compression strength is presented in section 5 (Results and Discussion). 
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5. Results and discussion_ Route 1 
5.1 Influence of temperature and type of diatom frustules 
 Particle size distribution and morphology of the two diatomite filter aids Filter Cel and Super Cel were 
first determined with laser diffraction technique and scanning electron microscopy, respectively. Pore 
network was afterwards analysed with multi-cycle mercury porosimetry and nitrogen sorption after heat 
treatment at 800 and 1300 °C. Chemical phases were finally verified for both DFA. 
 
5.1.1 Particle size distribution of the as-received powders  
 Particle sizes determined by laser diffraction of Filter Cel and Super Cel DFA dispersed in water are 
shown in Table 5-1. Both powders have similar particle size distribution. In comparison to the data sheets, 
a higher mean diameter was observed. A standard deviation of maximum 3 % of the particle size was 
reported in the literature [PYE04].  
 
Table 5-1: Particle size distribution of the as-received Filter Cel and Super Cel DFA. 
 Particle 
sizes Measured Data sheet 
 [µm] d10 d50 d90 d50 
Filter Cel 9 23 59 14 
Super Cel 9 22 52 15 
 
5.1.2 Microscopy 
 Morphology of both as-received DFA is shown in Figure 5-1. Filter Cel is composed of a high content 
of Aulacoseira (Figure 5-1b), while Super Cel is mainly produced with Coscinodiscus (Figure 5-1e). 
Pictures of the same DFA after sintering at 1300 °C were presented previously [GAR11-2]. 
 
 
Figure 5-1: Main diatom species in Filter cel (a to c) and Super Cel (d to f). 
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 A clear coalescence of porous Aulacoseira frustule is seen in samples sintered at 1100 °C, as well as a 
further melting with increase in temperature up to 1300 °C (Figure 5-2). Zhang et al. reported the existence 
of three different stages in diatomite sintering behaviour [ZHA05]. In the first stage, a drop in the open 
porosity from 71.6 to 68.1 % was observed between 850 and 1000 °C. In the second stage, a decrease in 
the porosity from 68.1 to 36.7 % occurred between 1050 to 1250 °C. Finally, a decrease to 5 % in the open 
porosity was reached at 1350 °C. As mentioned by Akhtar et al., impurities in diatomite materials lead to 
the formation of eutectics at lower temperature and melting in the silica grains [AKH10].  
 
 
Figure 5-2: SEM pictures of diatom a) as received and diatomite samples with 48 vol.% clay sintered at: b) 
800 ºC, c) 1100 ºC, d) 1300 ºC. 
 
5.1.3 Microstructure 
 Microstructures of Filter Cel and Super Cel diatom frustules were investigated by multi-cycle 
porosimetry and reported previously [GAR11-2]. Table 5-2 recapitulates Filter Cel and Super Cel pore size 
distributions at 800 and 1300 °C. Standard deviation was 5 %. The shift of the pore size distribution into 
larger pore range is caused by the melting of the structure and the closing of smaller pores at 1300 °C.  
 
Table 5-2: Pore size distribution of Filter Cel and Super Cel at 800 and 1300 °C. 
Pore radii 
[µm] 
Filter Cel Super Cel 
800°C 1300°C 800°C 1300°C 
R10 0.2 0.9 0.4 1.5 
R50 1.1 2.6 2.0 3.5 
R90 2.2 3.5 2.8 5.7 
 
 Specific surfaces and adsorbed volumes were evaluated by nitrogen sorption for Filter Cel and Super 
Cel after thermal treatment at 800 °C and sintering at 1300 °C (Table 5-3). Lower specific surface area of 
Super Cel at 800 °C is caused by the previously higher calcination temperature (1000 °C) than Filter Cel 
(800- 900 °C) performed by the supplier. Sintering at 1300 °C leads to a decrease in mesopore volume 
caused by coalescence of the diatom frustules. Filter Cel is composed of higher pore volume at 800 °C than 
Super Cel. However, the tendency changes at higher temperature and Super Cel shows higher adsorbed 
volume than Filter Cel at 1300 °C. The two diatomites contain different kind of diatoms (Figure 5-1), 
which lead to variation in coalescence behaviour. Therefore, it is possible to tailor pore structure by 
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varying DFA composition and sintering temperature. Pore size distributions were evaluated by BJH model 
from the desorption branch. As observed in Table 5-3, Filter Cel and Super Cel are composed of similar 
median pore sizes when heat treated at the same temperature. It is worthwhile to note that median pore 
sizes from Table 5-3 is different than Table 5-2 because it is only determined from mesopores distribution. 
 
Table 5-3: Specific surface, adsorbed volumes and median pore radii of DFA powders at 800 and 1300 °C. 
 Properties 
800°C 1300°C 
Filter Cel Super Cel Filter Cel Super Cel 
Specific surfaces [m2/g] 7.4 ± 1.2 4.0 ± 0.7 1.0 ± 0.1 1.2 ± 0.1 
Adsorbed volumes [mm3/g] 13.5 ± 2.2 9.3 ± 1.2 2.5 ± 0.3 6.0 ± 0.3 
Median pore radii [nm] 9.2 ± 0.3 9.5 ± 0.3 5.9 ± 0.2 5.9 ± 0.2 
 
5.1.4 Multi-cycle intrusion porosimetry 
 Figure 5-3 shows the pore size distributions determined by multi-cycle porosimetry of the two DFA 
heat treated at 800 °C and sintered at 1300 °C. 
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Figure 5-3: Calculated pore size distribution of Filter Cel and Super Cel heat treated at 800 °C (a and b) 
and sintered at 1300 °C (c and d) from the 1st, 2nd intrusions and difference between both intrusions. 
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 At 800 °C, Filter Cel contains smaller pore sizes than Super Cel. 53 % and 95 % of Filter Cel pore 
volumes are indeed pores larger than 1000 and 100 nm, respectively. Super Cel is composed of 77 and 98 
% of pore volumes at the same pore sizes. 62 % of Filter Cel pore volume is attributed to the filled 
structure and 92 % for Super Cel. At 1300 °C, similar pore sizes are obtained for both diatomites, which 
correspond to approximately 88 and 99 % of pore volumes with pores larger than 1000 and 100 nm, 
respectively. About 98 % of the total volume is attributed to filled pores for both diatomite powders. For 
all samples, necks of ink-bottles are mainly larger than 100 nm.  
The high entrapment can be explain by the fact that pore necks are more than six times smaller than 
the size of the ink-bottle, which could lead to some entrapment, as explained by Matthews et al. [RID95]. 
Pore size distribution of samples sintered at 1300 °C was shown as narrower than at 800 °C due to 
coalescence phenomenon of smaller pores at high temperature. 
 
5.1.5 Phase analyses 
 Phase analyses of Filter Cel and Super Cel diatomite filter aids were determined after heat treatment at 
800 °C and 1300 °C (Figure 5-4). Filer Cel is more crystallized than Super Cel and is composed of quartz 
and low cristobalite. Peak intensities of Super Cel at 800 °C are very low and only low cristobalite could 
be detected. At 1300 °C, quartz phase is replaced by low cristobalite, but quartz is still observed in Filter 
Cel at 1300 °C. Filter Cel is more cristallized than Super Cel after heat treatment at 800 and 1300 °C. 
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Figure 5-4: Phase analysis of Filter Cel and Super Cel DFA heat treated at 800 and 1300 °C. 
 
5.2 Influence of diatomite type in the extrudates 
 As seen in Section 5.1, particle sizes of the two diatomite filter aids are similar. They are however 
composed of completely different species. According to microstructure analysis, larger macropores are 
observed in Super Cel than in Filter Cel, whilst similar mesopore size distributions are obtained. In order to 
interpretate the influence of the type of DFA in the feedstock, materials were processed with 16 vol.% clay 
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with addition of either Filter Cel or Super Cel. Comparison of both DFA based extrudates were analysed in 
terms of microstructure and attrition resistance. Samples were studied at 800 °C because frustules start to 
coalesce at temperatures above 1100 °C. Microstructure and attrition resistance are compared with samples 
composed of 16 vol.% of clay and a mixture of 54 vol.% Filter Cel and 46 vol.% Super Cel. 
 
5.2.1 Microstructure 
 Pore size distributions of both DFA were reported in Section 5-1. Microstructure of extrudates shaped 
with either Filter Cel or Super Cel are investigated by mercury porosimetry and nitrogen sorption (Figure 
5-5 and Table 5-4). Super Cel based extrudates are composed of larger macropores than Filter Cel. This 
confirms that extrudates pore size distributions are mainly influenced by diatom microstructure. And more 
specifically by Filter Cel DFA in the large macropore range and by Super Cel in the meso- and small 
macropore range. 
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Figure 5-5: pore size distribution of Filter Cel and Super Cel based extrudates and of the mixture after heat 
treatment at 800 °C, a) measured by Hg porosimetry, b)  measured by nitrogen sorption. 
 
 Interestingly, porosity is the same when using only one type of DFA and using a mixture (Table 5-4). 
Smaller median pore size is observed when using a mixture of both types of DFA, while intruded volume 
is slightly higher than in samples composed of only one type. By comparing specific surface areas and 
adsorbed volumes of Filter Cel and Super Cel based extrudates with data obtained for both filter aids 
powders (see Section 5.1), higher specific surface areas at 800 °C were obtained with addition of clay 
compared to powders. Higher adsorbed volume is obtained by mixing both DFA than by using them 
separately.  
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Table 5-4: Porosimetry and specific surface areas determination of Filter Cel and Super Cel based 
extrudates and of the mixture after heat treatment at 800 °C. 
Extrudates Filter Cel Super Cel Filter Cel & Super Cel 
Porosity [%]* 75 ± 7 75 ± 7 77 ± 8 
Volume [mm3/g]* 1225 ± 208 1320 ± 224 1405 ± 238 
R50 [nm]* 1310 ± 65 3819 ± 190 993 ± 50 
Specific surface area [m2/g]** 11.7 ± 1.8 4.9 ± 0.7 6.2 ± 1.0 
Adsorbed volume [mm3/g]** 4.5 ± 0.7 18.8 ± 3.2 22.8 ± 3.9 
 * Measured by Hg porosimetry 
 ** Measured by N2 sorption 
 
5.2.2 Attrition resistance 
 Attrition resistance of filter Cel and Super Cel based extrudates were verified at 800 °C (Figure 5-6). 
Surprisingly, both results are very low compared to granulates composed of a mixture of both materials. 
Super Cel shows lower attrition resistance, this can be deduced by the fact that lower Aulacoseira content 
was observed, which is known to be composed of high mechanical resistance frustules. 
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Figure 5-6: Attrition resistance and attrition resistance index of Filter Cel and Super Cel extrudates and 
comparison with the mixture 
 
5.3 Route 1: Diatomite/ clay samples 
 Influence of clay content and heat treatment temperatures were analysed in this chapter in terms of 
density, extrudate properties, microstructure, phase analyses and attrition resistance. The formulation 
between diatomite and clay and the content of both diatomite filter aids were previously optimized at 
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EMPA. More details were described previously [GAR10, GAR11]. See section 5.2 to understand the use 
of one type of DFA on the extrudate properties.  
 
5.3.1 Microstructure  
 The main results characterizing extrudate properties with 16, 28 and 48 vol.% clay heat treated at 800, 
1100 and 1300 °C are referred in Table 5-5. Shrinkages of samples with different clay content are 
negligible at 800 °C, total weight loss is however almost reached with approximately 13 wt.%. At 1100 
and 1300 °C, shrinkage of the samples increased to 9 % and more than 20 %, respectively. The shrinkage 
of 9 % can mainly be traced back to the phase transformation of the kaolin into mullite phase. It is possible 
to conclude that clay content has no significant effect on shrinkage when sintered between 800 and 1300 
°C. 
Increase in sintering temperature and clay content lead to an increase in sample densities. This is due 
to the sintering of the clay/ diatomite composite and coalescence of the diatom frustules that lead to a 
decrease in the total porosity (see section 5.3.1.1). Additionally, an increase in density was expected due to 
phase transformations of the kaolin into mullite and cristobalite and the diatoms into cristobalite. This will 
be discussed later (see section 5.3.2). 
 
Table 5-5: Influence of clay content and sintering temperature on microstructure. 
Clay 
content 16 vol.% 28 vol.% 48 vol.% 
Temperature 800°C 1100°C 1300°C 800°C 1100°C 1300°C 800°C 1100°C 1300°C 
Geometrical 
densities 
[g.cm-3] 
0.52 0.69 1.04 0.56 0.75 1.13 0.63 0.88 1.22 
± 0.01 ± 0.01  ± 0.01 ± 0.01 ± 0.01 ± 0.01 ± 0.01 ± 0.01 ± 0.01 
Shrinkage 0.6 8.1 21.7 0.3 9.6 22.6 0.5 8.9 20.8 
[%] ± 0.3 ± 0.4 ± 0.6 ± 0.2 ± 0.4 ± 0.5 ± 0.2 ± 0.5 ± 0.4 
Weight loss  
[%] 
12.9 13.0 13.1 13.1 13.2 13.4 12.9 13.1 13.3 
± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1 
  
5.3.1.1 Porosity determination  
 Table 5.6 compares the influence of clay and temperature on the microstructure. Total and open 
porosity results show the same trend. Increase in sintering temperature from 800 to 1300 °C leads to a 
decrease of approximately 20 % in both porosities. Samples with 16 vol.% clay and sintered at 1300 °C 
show a too high open porosity measured by MP. It was considered as an artefact caused perhaps by the 
breakdown of the sample under pressure. An increase in clay content shows a very slight decrease in 
porosity. As mentioned before, no significant influence on the shrinkage behaviour could be observed for 
all samples (Table 5-5). Due to this reason, it was expected that shrinkage of diatomite particles will lead 
to high interparticle porosity. Pore volume decreases with temperature because of frustules coalescence at 
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temperatures higher than 1100 °C. Because of a better binding effect, increasing clay content from 16 to 48 
vol.% is seen as decreasing the pore volume. 
 
Table 5-6: Influence of clay content and sintering temperature on porosity, specific surface and pore size 
distribution. 
Clay content 16 vol.% 28 vol.% 48 vol.% 
Temperature 800°C 1100°C 1300°C 800°C 1100°C 1300°C 800°C 1100°C 1300°C 
Total porosity 77 71 55 76 70 52 74 63 49 
[%] ± 8 ± 7 ± 5  ± 8  ± 7  ± 5 ± 7 ± 6 ± 5 
Open porosity* 75 73 64 76 72 52 72 68 52 
[%] ± 1  ± 1  ± 1 ± 1 ± 1  ± 1  ± 1 ± 1  ± 1 
Median pore radius * 993 1531 3515 909 1529 3331 699 1201 2602 
 [nm] ± 50 ± 77 ± 175 ± 45 ± 76 ± 166 ± 35 ± 60 ± 130 
Pore volume * 1405 1087 556 1208 972 432 1143 767 388 
 [mm3/g] ± 239 ± 185 ± 95 ± 205 ± 165 ± 73 ± 194 ± 130 ± 66 
MP surface area *  67.4 53.4 32.6 54.7 38.4 27.7 58.3 36.6 21.7 
[m2.g-1] ± 3.4 ± 2.7 ± 1.6 ± 2.7 ± 1.9 ± 1.4 ± 2.9 ± 1.8 ± 1.1 
BET surface area ** 
[m2.g-1] 
6.2 2.1 0.6 7.3 3.1 1.1 9.8 1.7 0.3 
± 0.3  ± 0.1 ± 0.1 ± 0.1  ± 0.1 ± 0.1 ± 0.5 ± 0.1 ± 0.1 
Median pore radius ** 
[nm] 
25 27 19 22 23 20 22 21 16 
 ± 1 ± 1 ± 1  ± 1  ± 1 ± 1  ± 1  ± 1  ± 1 
 
* Measured by Hg porosimetry 
** Measured by Nitrogen sorption 
 
 As explained in Section 2, it is possible to determine the presence of ink-bottle pores by comparing 
specific surfaces determined by mercury porosimetry and nitrogen sorption. If SSABET is smaller than 
SSAMP, ink-bottle pores are present and therefore an overestimation of smaller pore volume by MP occurs. 
If SSABET is higher than SSAMP, the pore walls are rough and as a result the surface layer of N2 molecules 
increases. A decrease in surface areas is observed by both techniques due to the coalescence of diatom 
frustules with sintering at 1300°C. Obviously, the SSAMP is always higher; therefore samples contain ink-
bottle pores. 
 
5.3.1.2 Macro and mesoporosities 
 Figure 5-7 shows that the pore radius distribution measured by Hg porosimetry increases with increase 
in temperature, as seen with median pore radius in Table 5-6. This is caused by the coalescence of the 
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diatom frustules and the different shrinkage behaviour between the matrix and the diatoms. By increasing 
clay content, pore size distribution decreases. Moreover, samples containing 16 vol.% of clay and sintered 
at 800 and 1300 °C have a median pore radius of 993 and 3515 nm respectively, whilst samples containing 
48 vol.% of clay have a median pore radius of  699 and 2602 nm (Table 5-6). 
 
 
  a)     b)     c) 
Figure 5-7: Influence of clay content and heat treatment temperature (800, 1100 and 1300 °C) on pore size 
distribution.  
 
5.3.1.3 Ink-bottle pore determination 
 Because of the slight coalescence observed at 1100 °C, samples heat treated at 800 and 1300 °C were 
further investigated. The hysteresis obtained for samples heat treated at 800 and 1300 °C were shown 
previously [GAR11-2]. The pores connected to ink-bottles have a size of approximately 1 to 2 µm and of 1 
to 4 µm for extrudates heat treated at 800 and sintered at 1300 °C, respectively (Figure 5-8). As seen for 
DFA powders sintered at high temperature, lower neck volume is observed compared to samples heat 
treated at 800 °C. 
 
 
Figure 5-8: Calculated pore size distribution of samples at a) 800 and b) 1300 °C from the 1st, 2nd intrusions 
and difference between both intrusions. 
 The large volume of entrapped mercury at 1300 °C seems to be caused by large pores but also by the 
difference in pore size between the neck and the ink-bottle pores (when six times smaller than the ink-
bottle), as explained in Section 5.1. Wardlaw and McKellar found out moreover that entrapment can occur 
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due to break-off of Hg in pores larger than 40 µm [WAR81]. Interconnected pores in both samples are 
determined by microscopy made on polished cross-sections and were analysed by a porosity program 
adapted from Image J developed at Empa (High Performance Ceramics) in collaboration with University 
of Silesia (Faculty of Computer and Material Science) (Figure 5-9). Few steps were necessary to determine 
the pore size distribution from these images. First, Image J SetScale tool is used to determine pixel size. In 
a second step, conversion to 8 bit and filtrations are applied according to the image quality. An unsharp 
filtration with a radius of 1 (sigma, standard deviation of the Gaussian) and a mask weight of 0.2 were used 
to sharpen the images. For information, increasing these parameters leads to an increase of the contrast and 
to edge enhancement. Three median filtrations were performed with a radius of 3, as well as a smooth 
filter, which was applied three times for noise reduction filtration. Finally, a grey scale threshold to 
distinguish between pores and solid was made to calculate the pore size distribution with 2 D pictures. 
 
 
Figure 5-9: Scanning electron microscopy with back-scattered electron detector of polished cross-section 
of extrudates heat treated a) at 800 °C and b) sintered at 1300 °C. 
 Determination of the pore radius at 10 %, 50 % and 90 % of the total volume (R10, R50 and R90, 
respectively) can give some information about the pore size distribution. R10 and R50 (median pore radius) 
determined from SEM images decrease from 2.5 to 1.7 and from 4.8 to 3.9 µm with increase in 
temperature from 800 to 1300 °C, respectively (Table 5-7). This confirms furthermore the coalescence of 
smaller pores with increase in temperature. Whilst, radii R90 were calculated as 7.7 and 10.4 µm for both 
temperatures, respectively. The increase in interparticular porosity (R90) is caused by the different sintering 
activity of the clay and the diatom frustules [GAR10, GAR11]. Presence of pores larger than 40 µm is only 
observed at 1300 °C by SEM pictures (Figure 5-9). This can explain the high content of entrapped mercury 
in this sample. It is worthwhile to mention that these results are not comparable with the pore size 
distribution determined from MP analysis, because neither meso- nor small macropores are detectable with 
this technique. 
 
Table 5-7: Pore sizes R10, R50 and R90 from SEM of extrudates heat treated at 800 and 1300 °C. 
  Pore size distribution [µm] 
Samples R10 R50 R90 
at 800°C 2.5 4.8 7.7 
at 1300°C 1.7 3.9 11.4 
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5.3.2 Influence of DFA powders on extrudate microstructure 
 R10, R50 and R90 were calculated for powders after cut-off at 25 mm in radius (Table 5-8). Pore size 
distribution of DFA powders was verified for one test. Standard deviation is assumed to be 0.1 µm, as 
determined for extrudates. At 800 °C, R50 are similar to the data given by the supplier (2.5 and 3.5 µm in 
diameter for Filter Cel and Super Cel, respectively). It is indeed possible to confirm that pore size 
distribution of Super Cel is shifted to higher pore sizes. Diatomite extrudates are composed of smaller pore 
sizes than DFA powders at 800 °C. Similar results for powders and extrudates are obtained at 1300 °C. 
This indicates the high influence of DFA on the pore network of the composite materials and the fact that 
processing does not affect DFA structure.  
 
Table 5-8: Pore sizes R10, R50 and R90 of sintered powders and extrudates. 
Pore radii 
[µm] 
Filter Cel Super Cel Clay_ DFA extrudates 
800 °C 1300 °C 800 °C 1300 °C 800 °C 1300 °C 
R10 0.2 0.9 0.4 1.5 0.1 ± 0.1 1.2 ± 0.1 
R50 1.1 2.6 2.0 3.5 0.7 ± 0.1 2.6 ± 0.1 
R90 2.2 3.5 2.8 5.7 1.3 ± 0.1 3.3 ± 0.1 
 
5.3.3 Permeability 
 Permeability was determined for samples with 48 vol.% clay heat treated at 800, 1100 and 1300 °C 
and samples with 16 vol.% clay sintered at 1300 °C (Table 5-9). A repeatability of about 1 % was 
obtained. Interestingly, similar results are observed with 48 vol.% clay heat treated between 800 and 1100 
°C (because of the similar porosity), while a large decrease (from 2.5 10-14  to 0.6 10-14 m2) is seen after 
sintering at 1300 °C. This is expected to be caused by the important decrease in porosity and pore volume. 
Decreasing clay content to 16 vol.% with sintering at 1300 °C leads to larger pore size distribution than 
with 48 vol.%. This explains the higher permeability. 
 
Table 5-9: Permeability of clay based samples. 
Samples Permeability [10-14 m2] 
48 vol.clay_ 800 °C 2.53 
48 vol.clay_ 1100 °C 2.53 
48 vol.clay_ 1300 °C 0.64 
16 vol.clay_ 1300 °C 1.82 
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5.3.4 Morphology 
 X-ray tomography was performed by the group of Dr Tobias Fey (Glass and Ceramics, University of 
Erlangen- Nürnberg, Germany). It permits the observation of pores in the micrometer range. It is 
interesting to use different techniques such as XTM, SEM, mercury porosimetry and nitrogen sorption 
analysis to describe the whole porous network. As seen on XTM, sample with lower clay content (Figure 
5-10a) is composed of a smoother surface compared to samples with 48 vol.% clay (Figure 5-10b). Sample 
heat treated at 800 °C (Fig. 5-10c) is larger than samples heat treated at 1300 °C due to the smaller 
shrinkage occurring at this temperature.  
 
 
Figure 5-10: XTM images of samples with a) 16 and b) 48 vol.% clay sintered at 1300 °C and c) 48 vol.% 
clay heat treated at 800 °C. 
 
 Pore size distributions of the whole sample (Figure 5-11a) and from the pore entrance (Figure 5-11b) 
were determined from XTM analysis. Pore entrance is larger than at the core for the three samples. Samples 
with 16 vol.% clay sintered at 1300 °C and with 48 vol.% clay heat treated at 800 °C have similar pore size 
distribution in the micrometer range, while sample with 48 vol.% clay sintered at 1300 °C is composed of 
larger pore size distribution. This is in contradiction to MP results (Figure 5-7) where lower clay content at 
1300 °C lead to higher pore size distribution and where samples heat treated at 800 °C had smaller pore size 
distribution. It is worthwhile to note that pores smaller than 1 µm cannot be detected by XTM. 
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Figure 5-11: Pore size distribution a) the cell and b) the pore entrance of samples with 16 and 48 vol.% clay 
sintered at 1300 °C and 48 vol.% clay heat treated at 800 °C determined from XTM analysis. 
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 Figure 5-12 shows SEM pictures of samples with 48 vol.% of clay and heat treated at different 
temperatures (800, 1100, 1200, 1300 °C). Large pores are visible on samples sintered at high temperature 
due to different shrinkage behaviour between diatoms and clay. This confirms the pore size distribution 
determined by mercury porosimetry (Figure 5-7). No influence of clay content is observed on microscopic 
pictures (Figure 5-13). 
 
 
Figure 5-12: SEM of diatomite/48 vol.% clay extrudates heat treated at: a) 800 ºC, b) 1100 ºC, c) 1200 ºC, 
d) 1300 ºC. 
 
 
Figure 5-13: SEM of diatomite/clay extrudates sintered at 1300 ºC with a) 16 vol.%, b) 28 vol. % and c) 48 
vol.% clay. 
 
5.3.5 Phase analysis 
 Figure 5-14a shows the X-ray pattern of 48 vol.% of clay samples sintered at 800, 1100, 1200 and 
1300 °C and Figure 5-14b, the influence of clay content (16, 28 and 48 vol.%) after sintering at 1300 °C.  
 
a)   b)  
Figure 5-14: XRD pattern of a) 48 vol.% clay samples heat treated at 800, 1100, 1200 and 1300 °C and b) 
diatomite/clay samples sintered at 1300 °C. 
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 Low amounts of quartz and cristobalite were observed at 800 °C. A sintering temperature of 1100 °C 
leads to an increase of low cristobalite phase and a phase transformation from clay into mullite. Between 
1200 and 1300 °C, mullite and low cristobalite become the major phases. It is assumed that mullite is 
formed by transformation of clay and low cristobalite mainly by crystallisation of the diatoms. This is 
proved with XRD pattern with different clay contents, where more mullite phase is observed on samples 
prepared with higher clay contents (Figure 5-14b).  
 Phase transformations of clay are widely reported. All contributions are in agreement with the fact that 
kaolinite’s dehydroxylation occurs between 400 and 600 °C and metakaolinite (Al2Si2O7) appears 
[MCC05, SRI90]. The metakaolinite phase transformation is reported between 950 and 980 °C. The phase 
transformation of metakaolinite into a spinel structure (SiAl2O5) or a Si-containing γ-alumina and 
amorphous silica are widely discussed in the literature. Comeforo at al. assumed the presence of γ-alumina 
as “incidental” above 950 °C [COM48]. This was verified by Brindley and Nakahira as the condensation 
of metakaolin layers to form an approximate 2Al2O3.3SiO2 spinel type structure and SiO2 discard [BRI59, 
BRI59-2, BRI59-3]. Srikrishma et al. studied the kaolinite-mullite reaction in a single crystal of kaolinite 
[SRI90]. An exothermic reaction was observed at 980 °C by energy dispersive X-ray spectroscopy due to 
the formation of a spinel phase close to the 3:2 mullite phase. At higher temperature, a second exothermic 
peak was observed due to the formation of acicular crystals. Nevertheless the phase transformation of 
metakaolinite into a spinel structure (SiAl2O5) or a Si-containing γ-alumina and amorphous silica is still 
under discussion [GHO08]. Additionally, they described the phase formation at temperatures above 1100 
°C by 19 Si and 27Al MAS-NMR spectroscopy and X-ray diffraction. Ghorbel et al. mentioned the 
formation of mullite phase (3Al2O3.2SiO2) beyond 1200 °C [GHO08] as well as a cristobalite phase in case 
some amorphous silica was still present at temperature below 1200 °C. This is in good agreement with the 
results of this study. 
 Zhang et al. determined the sintering kinetics of diatomite samples prepared by slip casting [ZHA05]. 
Diatomite used in this study contained a majority of amorphous SiO2 (opal) with a small amount of 
smectite and kaolin. They showed the increase in crystalline quartz peaks and a decrease in the amorphous 
SiO2 below 1150 °C. From 1150 to 1250 °C, the cristobalite phase increased and no amorphous SiO2 was 
present in the sample anymore above 1250 °C. These results are in good agreement with the significant 
increase of the cristobalite phase in granulates (Figure 5-13).  
 
5.3.6 Attrition resistance behaviour 
 The experimentation allows us to conclude that a material with high amounts of clay and sintered at 
high temperatures (Figure 5-15a) has a higher attrition resistance due to the decrease in total porosities, 
crystallisation of the amorphous silica and phase transformation of kaolinite to mullite phase. No 
significant variation in attrition resistance occurs in samples sintered at 1100 and 1200 °C due to the 
similar microstructure and phase properties, as seen in the XRD results. Because samples containing from 
16 to 48 vol.% of clay have similar porosities and mean pore sizes, it can be assumed that clay content and 
therefore the presence of mullite phase could dominate the attrition resistance performance at temperatures 
above 1100 °C (Figure 5-15b). This phenomenon is also known in porcelain manufacture. As mentioned 
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by Tenorio Cavalcante et al., strength is enhanced by the interlocking of the mullite needles [TEN04]. 
Such needles were observed under microscopic investigations at 1300 °C.  
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Figure 5-15: Attrition resistance of samples with a) 48 vol.% clay and heat treated at different temperature, 
b) samples with different clay content and sintered at 1300°C. The reference is mentioned in pink. 
  
 With respect to the fluidized bed reactor application, samples composed of 48 vol.% of clay and 
sintered at temperatures above 1100 °C are acceptable because the curves are situated at a higher attrition 
resistance than the reference (in pink in Figure 5-15). Additionally, samples sintered at 1300 °C and 
composed of different clay content can also be envisaged (Figure 5-15b).  
 
 The experimentation indicates the distinct exponential attrition/ number of revolution (time) 
relationship for attrition resistance above 40 %. Below this threshold, faster attrition occurs during the 
experiments compared to that predicted from the equation. This behaviour can be explained by the 
threshold of failure density in granulates (e.g. cracks) according to the number of impacts. Ramadan et al. 
worked on the effect of ball milling on montmorillonite structure and mentioned that clay is composed of 
different layers that tend to peel off during milling [RAM10]. Raghuraman et al. observed a decrease in the 
particles size with an increase in grinding time. The width of the distribution decreased, only after a long 
time. This means that the attrition resistance index should end in a plateau after a high number of 
revolutions [RAG00]. They explained this effect with the higher stress absorbed by smaller particles. 
Raghuraman et al. used dense materials in their attrition resistance studies [RAG00]. In this work, we have 
highly porous materials (52 to 68 %). Fracture of the bridges between aggregates (ideal bridges between 
single particles) will therefore dominate the attrition effect here. 
 
As observed on the previous graphics, the exponential curve does not have its starting point at 100 % 
attrition resistance. It is worthwhile to note that this shift corresponds to the abrasion effect. By decreasing 
ball sizes from 25 to 3 mm, it is possible to determine abrasion and attrition occurring during grinding test. 
Abrasion won’t be detailed in this work, which is focused on attrition resistance. 
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5.3.7 Attrition resistance index and compression strength 
 Figure 5-16 regroups attrition resistance index of samples with different clay contents and heat 
treatment temperatures. The line in pink corresponds to the reference (γ-alumina Nwa155 (Sasol, 
Germany)) and allows the comparison between the developed samples and the commercial support. 
 
y = 1.9185e-0.0487x
y = 15.408e-0.0717x
0
1
2
3
4
5
6
7
8
0 10 20 30 40 50 60 70 80 90 100
Clay content [vol.%]
A
ttr
iti
o
n
 
R
es
is
ta
n
c
e 
In
de
x
 
[10
 
-
4 ]
800ºC 1100ºC 1200°C 1300ºC Reference
In
cr
ea
se
 
o
f w
e
ar
a)
 
y = 7.7149e-0.0796x
R2 = 0.9904
0
1
2
3
4
5
6
7
8
0 5 10 15 20 25 30 35 40 45 50
Compression strength [MPa]
At
tr
iti
o
n
 
Re
si
s
ta
n
ce
 
In
de
x
 
[E
 
-
4 ]
800°C 1100°C 1300°Cb)
 
Figure 5-16: a) Attrition resistance index of granulates with different clay content and heat treatment 
temperatures, b) Comparison between ARI and compression strength. 
 
 Increase in sintering temperature and clay content lead, as discussed previously, to a significant 
increase in attrition resistance and to a decrease in attrition resistance index. Figure 5-16a allows the 
prediction of the general attrition behaviour of the material. It is possible to predict that a sample with 
more than 50 vol.% clay content will not result in a significant increase in attrition resistance. 
 In order to verify the workability of the attrition resistance index, the compression strength of the 
extrudates with different clay content and heat treated at 800, 1100 and 1300 °C were investigated (Figure 
5-16b). As expected, compression strength increases with the decrease in attrition resistance index and 
follows an exponential behaviour. Samples with 48 vol.% clay and heat treated at 1300 °C show the 
highest compression strength and reached 47 MPa. 
 
5.4  Summaries 
 As seen in chapter 5.1, Filter Cel and Super Cel DFA are composed of different types of diatoms with 
specific phase structures. The powders show however similar median particle sizes. Higher crystallinity 
was determined in Filter Cel DFA by XRD. Super Cel is composed of slightly higher macropore volume 
than Filter Cel, but similar mesopores size is observed from nitrogen sorption analysis. Coalescence of the 
frustules is observed after heat treatment at 1300 °C, leading to the closing of pores in the meso- and small 
macropore range. This explains the shift to the larger pore size distribution at 1300 °C compared to 800 °C, 
as seen in MP results. The use of a mixture of two DFA (54 vol.% of Filter Cel and 46 vol.% of Super Cel) 
instead of using only one type is briefly explained in chapter 5.2. Interestingly, the use of the mixture 
seems to be highly influenced by Filter Cel in the large macropore range and by Super Cel in the meso- 
                                 5. Results and discussion_ Route 1   
 
 - 65 -
and small macropore range. Using this mixture increases significantly the attrition resistance of the 
material compared to using only Filter Cel or Super Cel. This is expected to be caused by the decrease in 
pore size distribution in the large macropore range 
 The microstructure of clay-diatomite based granulates (Route 1) could be influenced by using the 
different sintering behaviour of these two materials. The open porosity decreases with an increase in 
sintering temperature between 800 and 1300 °C. The pore size distribution is mainly influenced by the 
temperature (e.g. coalescence of diatoms) and secondarily by the clay content. The overall shrinkage is 
independent of the clay content. Interparticle pores appear between diatoms and the clay matrix due to 
their different shrinkage behaviour at high temperatures. Transformation from kaolinite into mullite and 
low cristobalite phases as well as crystallisation of diatomite into low cristobalite above 1100 °C leads to 
an increase in attrition resistance of the extruded granulates.  
 The attrition resistance versus attrition time is described by an exponential behaviour. It is possible to 
correlate sintering temperature and clay content with the attrition behaviour of different materials by using 
the absolute value of the exponent (so-called attrition resistance index ARI). An increase in clay content 
and sintering temperature leads to an increase in the attrition resistance of the extruded samples. An 
exponential behaviour was moreover observed between ARI and compression strength. 
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6. Results and discussion_ Route 2  
 The microstructural properties of the as- received G-250 pseudo-boehmite and after heat treatment 
between 550 and 850 °C are described in this chapter. Influence of the calcination temperature on sample 
peptized with 1.87 M acetic acid is finally discussed. Readers are referred to a previous paper for a better 
understanding of the peptization effect on extrusion behaviour, microstructure and phase analysis [GAR12-
2]. Extrudate diameter down to 300 µm is reached with using 1.87 M acetic acid as peptizing agent during 
blocking die test. 
 
6.1 Influence of calcination temperature on G-250 powder 
 As seen in Figure 3-1, calcination of boehmite between 550 and 850 °C leads to a γ- phase. Due to this 
reason, G-250 powder was calcined at 550, 700 and 850 °C in air with a dwell time of 2 hours. Influence of 
calcination temperature on microstructure and phase transformation is presented in the following chapter. 
Microstructure was analysed in terms of density, specific surface area and mesopore size distribution. Phase 
and structure analyses were determined with X-ray diffraction and IR spectroscopy. 
6.1.1 Microstructure 
 Density, specific surface area and mesopore volumes were determined for the reference NWa155 and G-
250 powder at room temperature and after calcination at 550, 700 and 850 °C. An increase in apparent 
density is observed with increase in calcination temperature due to the decrease in OH groups and increase in 
the γ-phase (see Figure 6-3). A decrease in specific surface area from 206 to 190 m2.g-1 and an increase in 
pore volumes are obtained from 550 to 850 °C. These confirm Paglia’s statements [PAG04]. The reference is 
denser and composed of a lower specific surface area and pore volume than the calcined G-250. It is 
worthwhile to note that a completely dense γ-alumina has a density of 3.6 g.cm-3. 
 
Table 6-1: Densities and specific surface areas of calcined G-250. 
Sample Reference G-250 
Temperature [°C] 25 25 550 700 850 
Apparent density [g.cm-3] 3.31 ± 0.10 2.34 ± 0.10 2.79 ± 0.10 2.94 ± 0.10  3.15 ± 0.10 
Specific surface area [m2.g-1] 151 ± 7 206 ± 10 252 ± 13 229 ± 11 190 ± 9 
Pore volume [mm3/g] 448 ± 76 488 ± 83 762 ± 130 723 ± 123 717 ± 123 
 
 Nitrogen sorption hysteresis is of a type IV and H4 loop (Figure 6-1a). According to IUPAC 
terminology, it is possible to conclude to the presence of narrow slit-shape pores [IUP85]. As mentioned 
previously, hydroxyl groups are still present in calcined samples and are known as leading to some specific 
nitrogen adsorption [GRE82]. BET constant C was however between 50 and 200, which permits to confirm 
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the veracity of the results. The reference is composed of a mesopore size distribution approximately similar 
to samples calcined at 550 and 700 °C. A large increase in the mesopores size is observed at 850 °C and 
reaches larger pores than the reference (Figure 6-1b).  
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Figure 6-1: Adsorbed volumes and pore size distributions of calcined G-250 powder. 
 
 Figure 6-2 shows the morphology of the reference and G-250 powder at different temperature (room 
temperature, 550, 700 and 850 °C). G-250 powder is, as explained previously, composed of agglomerates of 
primary and secondary particles. After calcination up to 850 °C, no influence on G-250 powder is observed 
in the micrometer range. Because the reference was processed by spray-drying, particles are smoother and 
denser than calcined G-250. This confirms density results. 
 
 
Figure 6-2: SEM pictures of a) Reference, b) as-received G-250 pseudo-boehmite and after calcination at c) 
550, d) 700 and e) 850 °C. 
 
6.1.2 Phase analysis and structure 
 Boehmite structure was proved on pseudo-boehmite G-250 by X-ray diffraction (Figure 6-3). Very low 
crystalline phase is observed after calcination at 550 °C. It increases however with temperature (increase in 
the peak intensity). This confirms Paglia et al. statements who mentioned that calcination temperature at 700 
°C leads to a more ordered structure of the material than at 550 °C and to an increase in crystallite size and a 
decrease in the amorphous phase [PAG04]. The reference diffractogram corresponds to G-250 calcined 
between 550 and 700 °C. 
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Figure 6-3: Influence of temperature on phase structure. 
 
6.1.3 FT-IR analysis 
 For FT-IR analysis, G-250 powder was calcined at 550, 700 and 850 °C in order to verify the influence 
of calcination. According to Figure 6-4a, absorption of water molecules with a stretching vibration between 
3550 and 2500 cm-1 occurs. Kaszoni Pricop et al. referred the peak at about 3426 cm-1 as the presence of high 
content of free H2O [KAS04]. A decrease in absorbance is observed with increasing G-250 calcination 
temperature. This shows the higher water absorption at low calcination temperature. Between 3300 and 3100 
cm-1, OH groups corresponding to stretching vibrations are observed especially in the as-received G-250 (G-
250_RT) powder (peak at 3103.46 cm-1). According to the slope of calcined samples in this range, it is 
expected that the peak of water absorption overlaps in one of the OH groups. This would confirm the 
presence of amorphous phase after calcination, which decreases with increase in calcination temperature. 
Interestingly, the reference has the same behaviour than G-250 heat treated at 850 °C. Peaks observed in 
Figure 6-4b between 1390 and 1643 cm-1 corresponds to alumina bonding. Increase in G-250 calcination 
temperature leads to a decrease in peak height. Reference is also similar to G-250 calcined at 850 °C at lower 
wavenumbers. 
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Figure 6-4: FT-IR analysis by ATR technique. 
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6.2 Influence of calcination temperature on peptized extrudates 
6.2.1 Microstructure 
6.2.1.1 Mercury porosimetry and nitrogen sorption 
 Pore size distributions of extrudates peptized with 1.87 M acid and calcined at different temperatures 
(550, 700 and 850 °C) are investigated with mercury porosimetry and compared to the reference (Figure 6-
5). Interparticle pores decrease with increase in temperature, but only slightly from 550 to 700 °C. Pore 
volume is moreover lower at 550 °C compared to at 700 and 850 °C. This is assumed to be caused by the 
limit of measurement of the machine (up to 200 MPa). Presence of mesopores in all samples is obvious and 
is seen by the increase in volume at lower pore size. According to the slope of the curve in the mesopore 
range, larger pore sizes are obtained at 850 than at 550 °C. This will be confirmed by nitrogen sorption from 
BJH model. The reference is composed mainly of mesopores and of very low macropore volume. It is 
possible to conclude that using G-250 pseudo-boehmite instead of the reference allows the increase in the 
support pore size distribution. 
 Difference between first and second mercury intrusion allows the determination of the size of the pores 
accessible to ink-bottles (Figure 6-5b). Small volume of pores in the micrometer range is linked to ink-
bottles at 550 °C. This is not seen at temperatures above 700 °C. Interestingly, pore size distribution is 
similar at 550 and 700 °C for pores smaller than 500 µm in radius. This is explained by the fact that large 
pores in the micrometer range at 550 °C are caused by the interparticular porosity. These particles are 
sintered at 700 °C, which leads to the disappearance of this pore type. Sintering is more obvious at 850 °C 
and leads to pores only smaller than 150 nm in radius. A different behaviour is observed for the reference, 
which is mainly composed of pores smaller than 7 nm in radius. 
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Figure 6-5: Pore size distribution of the reference and extrudates, calcined at 550, 700 and 850 °C, a) 1st 
intrusion, b) difference between 1st and 2nd intrusions. 
  
 According to Table 6-2, porosity of the reference and samples calcined at 550 °C is similar (37.8 and 
38.6 %, respectively). However, care has to be taken with results at 550 °C due to the volume of small pores 
that is not measurable by this technique. This leads to a lower porosity and higher median pore radius R50. 
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An increase in porosity is observed in samples thermal treated between 550 and 700 °C, while it decreases 
with increase in temperature from 700 to 850 °C. Median pore size of the reference is similar compared to 
samples at 700 and 850 °C. Table 6-2 shows the larger specific surface area of samples heat treated at 550 
and 700 °C compared to the reference, while similar specific surface area is observed with sample calcined at 
850 °C. Higher adsorbed volumes are observed for all samples compared to the reference. Permeability of 
3.2 10-14 and 3.6 10-14 m2 was determined for samples calcined at 700 and 850 °C (deviation of 1 %), 
respectively. Because of the higher porosity and macropore size distribution at 700 °C, higher permeability 
for samples heat treated at lower temperature was expected to be obtained. Smaller pores are seen as 
contributing to the increase in permeability of the sample calcined at 850 °C. Interestingly, the results are 
much higher than for clay based extrudates where a maximum of 2.5 10-14 m2 was obtained after heat 
treatment at 800 and 1100 °C.  
 
Table 6-2: Microstructure results of the reference and extrudates calcined at 550, 700 and 850 °C. 
Sample Reference G-250 based extrudates 
Temperature [°C] -  550 700 850 
Porosity* [%] 37.8 ± 3.8 38.6 ± 3.9 72.5 ± 7.3 60.6 ± 6.1 
Median pore radii* [nm] 6.1 ± 0.4 120.7 ± 6.0 6.0 ± 0.4  7.1 ± 0.4 
Specific surface area** [m2.g-1] 151 ± 8 265 ± 13 204 ± 10 153 ± 8 
Median pore radii** [nm] 4.6 ± 0.2 3.4 ± 0.2 4.4 ± 0.2 6.0 ± 0.3 
 * Measured by Hg porosimetry 
 ** Measured by N2 sorption 
 
 An increase in mesopores is observed with increase in temperature from 550 to 850 °C (Figure 6.6). This 
is also seen with the increase in median pore radius (Table 6-2). Similar pore size distribution is observed 
between the reference and extrudates calcined at 700 °C, while higher pore size is observed at 850 °C. This 
increase at 850 °C was also seen on heat treated G-250 powder. Concerning micropore surface, it was 
determined as very low (smaller than 5 % for samples at 700 °C). R50 of 0.51 nm for non-peptized samples 
and of about 0.56 – 0.57 nm for peptized samples were determined with Dubinin-Astakhov model [GAR12-
2]. Micropore was not further investigated because of its very low content. 
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Figure 6-6: Mesopore size distribution of the reference and extrudates at 550, 700 and 850 °C. 
 
6.2.1.2 Scanning electron microscopy 
 Increasing temperature from 550 to 850 °C is seen on SEM pictures as leading to denser behaviour. 
Sintering seems indeed to occur at 850 °C, leading to a decrease in presence of small particles. The decrease 
in pores in the micrometer range determined by MP is moreover confirmed by SEM (Figure 6-7c). 
 
 
Figure 6-7: SEM of extrudates calcined at 550, 700 and 850 °C. 
   
6.2.2 Attrition resistance 
 Attrition resistance of calcined granulates was verified. The developed granulates have a lower attrition 
resistance than the reference. This is caused by their higher porosity and pore size distribution. Increasing 
calcination temperature leads to a decrease in attrition resistance.  
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Figure 6-8: a) Attrition resistance of the reference and b) attrition resistance index of the reference and 
granulates calcined at 550, 700 and 850 °C. 
 
6.3 Summaries 
 Increasing calcination temperature to 850 °C leads to a more crystalline and denser γ- structure than at 
550 °C, but to a slight increase in mesopore size distribution. The sintering leads to a decrease in pore sizes 
from the macro- to meso-range. Specific surface area decreases with increase in temperature. This is caused 
by the closing of micropores. Surprisingly, increasing temperature leads to a lower attrition resistance. The 
reference is composed of a lower pore size distribution than the developed samples and of a relatively low 
porosity. When a lower attrition resistance is not prejudicial, working with 1.87 M acid (pH 4) and a solid-
liquid ratio of 82 wt.% is advised for G-250 pseudo-boehmite.  
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7. Results and discussion_ Route 3-a 
 In route 3, different diatomite filter aid contents were added into pseudo-boehmite material in order to 
increase the pore size distribution and the pore volume of the final product. This is indeed expected to 
increase the impregnation capacity and the reactivity of the oxygen carrier in the fluidized bed reactors. 
Organic content was fixed during feedstock preparation. Effect of acid concentration on extrudability and 
attrition resistance was investigated on diatomite based samples. Influences of diatomite content and 
calcination temperature of 700 and 850 °C on microstructure and attrition resistance were studied. 
 
7.1  Influence of acid concentration 
 Increasing acid concentration in diatomite/ pseudo-boehmite based feedstocks leads to a decrease in 
extrusion pressure. Better plasticity and kneading efficiency are obtained for samples peptized with high acid 
content. Using 1.87 M acid leads moreover to a more homogeneous feedstock. This is observed by the lower 
extrusion pressure fluctuations. Morphology of the 52 vol.% diatomite based extrudates shaped with 
different acetic acid concentrations (0, 0.6, 1.87 and 3.76 M acid) is shown in Figure 7-1. Shark teeth are 
obtained on samples with lower acid content because of the bad sliding of particles during extrusion. 
Samples with high acid concentrations (1.87 and 3.76 M acid) are extruded continuously and extrudates have 
a relatively smooth surface. 1.87 M acid was selected for further investigations because of the homogeneous 
feedstock properties. 
 
 
Figure 7-1: Extrusion pressure of diatomite based samples peptized with different acid concentrations. 
 
 Attrition resistance of samples shaped with different acid concentration and calcined at 700 °C is seen in 
Figure 7-2. Increasing acid concentration leads to an increase in the attrition resistance. This is due to the 
                                 7. Results and discussion_ Route 3-a   
 
 - 74 -
better plasticity obtained after kneading, which leads to a better adhesion between alumina and diatomite 
particles. The reference shows however a better attrition resistance than the developed samples.  
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Figure 7-2: a) Attrition resistance and b) attrition resistance index of diatomite based materials peptized with 
different acetic acid concentration and calcined at 700 °C. 
 
7.2 Influence of diatomite content 
7.2.1 Extrusion behaviour 
 Table 7-1 shows the increase of die swell and extrusion pressure with addition of diatomite.  
Table 7-1: Extrusion pressure and diameter extrudates of diatomite based samples. 
 
 
                                 7. Results and discussion_ Route 3-a   
 
 - 75 -
 Die swell is caused by the water absorbed by diatoms during kneading. When pressure is applied, this 
water goes out, leading to humidity heterogeneities in the feedstock. Extrusion pressure increases with an 
increase in diatomite volume because of the lower alumina content, which enhances the plasticity of the 
feedstock. 
 
7.2.2 Microstructure 
 Influence of diatomite content on samples calcined at 700 °C was investigated in terms of densities, 
specific surface area, porosity and pore size. Diatomite is indeed expected to increase the pore network in 
order to facilitate oxygen carrier impregnation and to enhance a better activity due to better accessibility of 
the fuel/ oxidizing gas to the carrier. As seen in Table 7-2, increasing diatomite content decreases the density 
of the samples. This is linked to the increase in porosity and pore size from 12 to 854 nm in radius with 
samples containing 19 and 84 vol.% diatomite. Specific surface areas decrease dramatically from 183 to 41 
m2.g-1 for these samples. It is worthwhile to note that some commercialized catalyst supports (e.g. from 
Worldminerals) with a specific surface of about 40 m2.g-1 were found.  
 
Table 7-2: Microstructure data of samples shaped with different diatomite content and calcined at 700 °C. 
Diatomite [vol.%] 19 37 52 71 84 
Secific surface area [m2.g-1] 183 ± 9 136 ± 7 100 ± 5 62 ± 3 41 ± 2 
Bulk density  [g.cm-3] 2.95 ± 0.01  2.72 ± 0.01 2.73 ± 0.01 2.55 ± 0.01 2.46 ± 0.01 
Density [g.cm-3] 0.93 ± 0.30 0.75 ± 0.40 0.72 ± 0.40 0.66 ± 0.40 0.60 ± 0.40 
Calculated porosity [%] 68.5 ± 0.3 72.4 ± 0.4 73.6 ± 0.3 74.1 ± 0.40 75.6 ± 0.4 
Average pore radius* [nm]  12 ± 1 224 ± 11 583 ± 29 762 ± 38 824 ± 41 
* measured with Hg porosimetry 
 
 Mercury porosimetry shows a large increase in interparticular porosity with increase in diatomite content 
(Figure 7-3a). This is due to the large pore size of diatom frustules (see Section 5.1). Due to the large volume 
of diatoms, large air bubbles (up to 50 µm) are formed inside the plastic material (see Figure 7-7c). 
According to multi-cycle porosimetry (Figure 7-3b), increasing diatomite content leads to an increase in the 
size and volume of pores accessible to ink-bottles. This confirms the fact that alumina is surrounding 
diatomite and is used as a binder. With decreasing alumina volume, diatomite is more influent and larger 
pore network is created.  
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Figure 7-3: a) Mercury intrusion porosimetry of samples with different diatomite content and calcined at 700 
°C and b) multi-cylce porosimetry on samples with 19 and 52 vol.% diatomite. 
 
 Nitrogen sorption analysis was performed on samples composed of different diatomite contents. 
Adsorbed volume decreases with increase in diatomite content. This is due to the very low adsorbed volume 
from diatomite itself. As observed on the hysteresis, presence of micropores decreases with increase in 
diatomite content (Figure 7-4). This confirms the only presence of micropores in alumina material.  
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Figure 7-4: Nitrogen sorption analyses on samples calcined at 700 °C. 
 
 Influence of alumina and diatomites microstructures on extrudates are shown in Figure 7-5a. It is seen 
that diatomite is mainly composed of pores with a radius between 10 and 80 nm, whilst alumina is composed 
of pores mainly between 1 and 8 nm. With increasing diatomite content, pore volume from alumina is 
decreasing. But no effect of diatomite is observed because alumina blocks the smallest pores of the diatom 
frustules. With 71 vol.% diatomite, a small increase in pore volume from diatoms is observed. A threshold is 
seen in samples with more than 84 vol.% diatomite (Figure 7-5b) where a bimodal pore radius distribution is 
created between 1 and 80 nm. This is caused by the very low alumina content.  Alumina phase is indeed not 
in sufficient volume to block diatom pores, which enhances an increase in pore size distribution. 
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Figure 7-5: Influence of acid content on pore size distribution of extrudates. 
 
 In order to verify the only influence of diatomite on pore size distribution, water and binder contents 
were increased until the limit of extrudability. It is seen on nitrogen sorption analysis that increasing up to 
1.5 times the water content leads to a similar pore size distribution than the standard recipe (Figure 7-6). 
Increase in water content in this range of study does not affect the pore size distribution. Increasing binder 
content up to 2.5 more than the standard recipe leads to the decrease of larger pores down to 5.5 nm. Small 
mesopores are composed of the same distribution as the standard recipe. Increasing the binder content up to 
5 times more than the standard recipe leads to the same behaviour from 11 to 80 nm in radius than a 2.5 
times increase and to a larger pore size distribution for pores below 11 nm. Decrease in pore size distribution 
is caused by steric effects occurring with an increase in binder content. Because of the steric repulsive forces, 
the size of the agglomerates decreases. When increasing the binder content by 5 times more, this effect is 
increased, leading to smaller agglomerate sizes and to a larger volume of smaller pores.  
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Figure 7-6: Influence of addition of binder and water on pore size distribution. 
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7.2.3 Scanning Electron Microscopy 
 Microstructure of extrudates composed of 19 and 84 vol.% diatomite is shown in Figure 7-7. With low 
diatomite content, alumina partially blocks diatom pores. This confirms porosity results. With addition of 
large diatomite content, higher porosity is observed. Presence of about 50 µm pore caused by some air 
bubbles during kneading is seen in Figure 7-7c. 
 
 
Figure 7-7: Scanning Electron Microscopy of extruded samples (cross section) prepared with a) and b) 19 
vol.% diatomite, c) and d) 84 vol.% diatomite and calcined at 700 °C. 
 
7.2.4 Phase analysis 
 Figure 7-8 proves, as expected, the increase in silica phase with increase in diatomite content in the 
feedstock, as well as the decrease in alumina phase.  
 
 
Figure 7-8: Phase structure of diatomite based extrudates calcined at 700 °C. 
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7.2.5 Attrition resistance 
Pictures made on 19, 52 and 84 vol.% diatomite shows the large increase in porosity with increase in 
diatomite content. The large porosity is caused by the increase in diatomite content and the decrease in 
binding between frustules and alumina. This leads to the decrease in attrition resistance as seen in Figure 7-9. 
An important increase in ARI is observed on samples composed of more than 37 vol.% diatomite.  
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Figure 7-9: a) Attrition resistance and b) attrition resistance index of alumina based granulates calcined at 
700 °C (scale bar of the figures: 2 mm). 
 
As seen previously with the variation of acid content, low extrusion pressure correlated with low ARI 
(Figure 7-2). Figure 7-10 shows a polynomial relation between ARI and extrusion pressure for samples with 
different diatomite content.  
 
 
Figure 7-10: Correlation between attrition resistance index and extrusion pressure. 
 
 In order to describe the crack propagation on alumina and diatomite based samples, a crack is formed by 
creating a failure at the surface of the extrudate with 52 vol.% diatomite. The crack is seen as passing 
through the air bubbles (Figure 7-11a) and around alumina agglomerates (Figure 7-11b). These defects in the 
samples lead to higher stress and to failure of the material under constraints.   
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Figure 7-11: SEM on a crack propagation in sample with 52 vol.% diatomite. 
 
 As shown previously, a decrease in ARI is observed with increase in compression strength. ARI versus 
compression strength has however a logarithmic behaviour in contrast to clay based samples (Figures 5-16 
and 7-12).  
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Figure 7-12: Correlation between ARI and compression strength of samples calcined at 700 °C. 
 
7.3 Influence of calcination temperature 
7.3.1 Microstructure 
 Table 7-3 compares different diatomite content samples calcined at 700 and 850 °C. Increase in 
temperature leads to an increase in the bulk density and to a decrease in specific surface area and median 
pore size determined by MP. The calculated R50, from nitrogen sorption, increases however slightly with 
temperature. Coalescence at higher temperature is proved by the decrease in porosity. 
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Table 7-3: Microstructure data of samples shaped with different diatomite content and calcined at 700 and 
850 °C. 
Samples 19 vol.% diatomite 52 vol.% diatomite 71 vol.% diatomite 
Calcination temperature [°C] 700 850 700 850 700 850 
Bulk density [g.cm-3] 2.95 3.00 2.63 2.73 2.55 2.50 
± 0.01 ± 0.01 ± 0.01 ± 0.01 ± 0.01 ± 0.01 
Specific surface area**[m2.g-1] 183 ± 9 140 ± 7 100 ± 5 86 ± 4 62 ± 3 57 ± 3 
R50** [nm] 4.0 ± 0.2 5.6 ± 0.3 4.1 ± 0.2 4.9 ± 0.2 4.3 ± 0.2 4.7 ± 0.2 
Porosity* [%] 62.4 ± 6.2 46.3 ± 4.6 65.2 ± 6.5 58.1 ± 5.8 66.8 ± 6.7 68.4 ± 6.8 
R50* [nm] 12 ± 1 8 ± 1 583 ± 29 278 ± 14 762 ± 38 521 ± 26 
* measured with Hg porosimetry 
** measured with N2 sorption 
 
 As seen in Figure 7-13, calcination temperature has a significant influence on pore size distribution. 
Mesopore sizes are indeed shifted into larger pores. Adsorbed volumes slightly increase with temperature at 
high diatomite content (higher than 71 vol.%).  
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Figure 7-13: Pore size distribution of diatomite based samples calcined at 700 and 850 °C. 
 
 An increase in the size of the meso- and small macropores is observed on normalised results for samples 
with 0 and 19 vol.% diatomite calcined at 700 and 850 °C. With 84 vol.% diatomite, only small pores 
(smaller than 10 nm in radius) are shifted to larger pore size distribution due to the low quantity of alumina 
present (Figure 7-14b). In order to verify this result at lower diatomite content, pore size distribution was 
determined with 71 vol.% diatomite. Interestingly, all pores are shifted to larger pore size distribution. A 
threshold is then observed between 71 and 84 vol.% where boehmite only influences mesopore size 
distribution (Figure 7-14b). Because of this, 71 vol.% diatomite will be the maximum diatomite content 
reported in this work. 
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Figure 7-14: Normalised pore size distribution of samples with a) 0, 19 vol.% diatomite b) 71, 84 vol.% 
diatomite and calcined at 700 and 850 °C. 
 
 Scanning electron microscopy was performed on samples with 71 vol.% diatomite and calcined at 700 
and 850 °C (Figure 7-15). No difference on microstructure is observed due to temperature. 
 
 
Figure 7-15: Microstructure of sample with 71 vol.% diatomite calcined at a) 700 and b) 850 °C. 
 
7.3.2 Attrition resistance index 
 Figure 7-16 compares the attrition resistance index of samples containing different diatomite content and 
calcined at 700 and 850 °C. No influence of temperature is observed on samples with less than 40 vol.% 
diatomite. A large decrease in attrition resistance is observed at 700 °C with increase in diatomite content, 
while at 850 °C, increase in diatomite content seems to have no particular influence on attrition resistance for 
samples with 52 and 71 vol.% diatomite. It is worthwhile to note that the developed samples have lower 
attrition resistance than the reference. 
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Figure 7-16: Attrition resistance index of diatomite based extrudates calcined at 700 and 850 °C. 
 
7.4 Summaries 
High specific surface areas are obtained with addition of high boehmite content to the composition. 
Diatomite content allows the tailoring of the microstructure by creating a bimodal meso/ small macropore 
size distribution with addition of more than 84 vol.% of diatomite. With an increase in temperature from 700 
to 850 °C, in samples with 84 vol.% diatomite, only a small increase in mesopore size is determined with 
nitrogen sorption, while samples with lower than 71 vol.% shows an increase in pore size in the whole range  
of nitrogen sorption determination. This allows the conclusion that alumina has a low effect on the sample 
microstructure in samples with more than 71 vol.% diatomite. A large decrease in attrition resistance is 
observed with samples with more than 37 vol.% diatomite, which is caused by the decrease in binding 
between the alumina phase and diatom frustules. Calcination at 850 °C leads to some coalescence of the 
material but has no influence on attrition resistance of samples with less than 37 vol.% diatomite. It leads 
however to an increase in the resistance of samples with more diatomite content. Due to this, meso- and 
small macropores have no significant influence on attrition resistance. Because the attrition resistance of 
diatomite based samples is lower than the reference, addition of silica nanoparticles is detailed in Section 8. 
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8. Results and discussion_ Route 3-b 
 Addition of two silica nanoparticle contents were studied (23 and 34 vol.%) on samples peptized with 
1.87 M acetic acid to increase the attrition resistance of the final product. Influence of silica is determined in 
terms of microstructure and attrition resistance on extrudates calcined at 700 and 850 °C. 
 
8.1 Influence of calcination temperature 
8.1.1 Microstructure 
 Increasing calcination from 700 to 850 °C on samples containing 23 vol.% silica nanoparticles leads to 
an increase in density and a slight decrease in specific surface area (Table 8-1). Similar density results are 
obtained with sample with 71 vol.% diatomite because of the low alumina content. Porosity decreases due to 
a better coalescence with an increase in temperature. Samples with high diatomite content are seen as leading 
to an increase in median macropore size (determined by MP), while samples with low diatomite contents 
lead to a decrease in median pore size with an increase in temperature. Median pore size determined by 
nitrogen sorption increases with increase in temperature; this is also observed with pore size distributions 
(see Figure 8-1).  
 
Table 8-1: Microstructure of diatomite based samples with 23 vol.% silica, calcined at 700 and 850 °C. 
Samples 14 vol.% diatomite 40 vol.% diatomite 71 vol.% diatomite 
Calcination temperature [°C] 700 850 700 850 700 850 
Bulk density  2.66 2.79 2.50 2.55 2.36 2.36 
[g.cm-3] ± 0.01 ± 0.01 ± 0.01 ± 0.01 ± 0.01 ± 0.01 
Specific surface area**  145.6 140.8 95.9 91.1 34.0 28.0 
[m2.g-1] ± 7.3 ± 7.1 ± 4.8 ± 4.6 ± 1.7 ± 1.4 
R50**  4.7 5.6 5.2 6.8 15.5 17.4 
[nm] ± 0.2 ± 0.2 ± 0.3 ± 0.3 ± 0.8 ± 0.8 
Porosity*  51.7 29.6 53.4 30.7 65.2 51.0 
[%]  ± 5.2 ± 3.0 ± 5.3 ± 3.1  ± 6.5  ± 5.1 
R50*  7.0 6.7 34.0 21.6 109.0 201.1 
[nm] ± 0.4 ± 0.4 ± 1.7 ± 1.1 ± 5.5 ± 10.1 
* measured with Hg porosimetry 
** measured with N2 sorption 
 
 Figure 8-1 shows the increase in pore size distribution with temperature, in meso- and small macropore 
range of samples with 23 vol.% silica. The presence of a bimodal pore size distribution is observed in 
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samples with more than 40 vol.% diatomite. As observed in Route 3-a, the decrease in boehmite content 
leads to the decrease in pore volume of pores smaller than 8 nm, while volume of pores in the large meso- 
and small macro-range increases due to the higher diatomite content. Same behaviour is observed with 
calcination either at 850 °C or at 700 °C. The increase in pore size distribution observed already in table 8-1 
is confirmed with the different slopes of the curves at the lower meso-range.  
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Figure 8-1: Pore size distributions, determined by nitrogen sorption, of diatomite based samples with 23 
vol.% silica, calcined at a) 700 °C and b) 850 °C. 
  
8.1.2 Attrition resistance index 
 Increasing calcination temperature leads to an increase in attrition resistance in the whole range of 
diatomite content for samples with 23 vol.% silica (Figure 8-2). A threshold is observed between 40 and 65 
vol.% diatomite after heat treatment at 700 °C and between 65 and 71 vol.% when calcined at 850 °C. Due to 
the increase in attrition resistance with samples calcined at high temperature, the following section is focused 
on samples calcined at 850 °C. 
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Figure 8-2: Attrition resistance index of diatomite based materials with 23 vol.% silica, calcined at 700 and 
850 °C. 
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8.2 Influence of silica nanoparticles 
8.2.1 Microstructure 
 Sample with 0 vol.% diatomite and 0 vol.% silica has a higher porosity compared to samples from route 
2 because they were produce with organic binders for comparison reasons. Samples from route 3-a produced 
without silica nanoparticles show an increase in porosity with increase in diatomite content (Figure 8-3). 
Addition of silica nanoparticles leads to the presence of a threshold at about 40 vol.% diatomite. Higher 
silica nanoparticle content leads surprisingly to a higher porosity than with lower silica content in samples 
with low diatomite content; this is caused by the presence of silica agglomerates. At 40 vol.% diatomite, 
silica content has no influence on porosity. With increasing diatomite content above 40 vol.%, silica 
nanoparticles lead to a linear decrease in porosity, especially with high silica content. 
 Permeability results are 2.1 10-14, 2.0 10-14 and 2.5 10-14  m2 for samples with 19 and 52 vol.% diatomite 
without silica nanoparticles (Route 3-a) and with 14 vol.% diatomite and 34 vol.% silica (Route 3-b), 
respectively (1 % standard deviation). This confirms the importance of mesoporosities on permeability, as in 
the case of alumina samples. 
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Figure 8-3: Porosity results of diatomite based extrudates with 0, 23 and 34 vol.% silica, calcined at 850 °C. 
 
 Samples with low diatomite content show a decrease in macropore size distribution (Figure 8-4a), while 
no influence is observed in the small mesopore range. With 65 vol.% diatomite, larger macropore volume is 
observed compared to with lower diatomite content and, as seen previously, addition of silica leads to a 
decrease in macropore volume. An increase in mesopore range is observed with high silica content. This is 
caused by the blocking of pores, leading to a decrease in their size from the macro- to the meso-range.  
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Figure 8-4: Mercury porosimetry analysis on samples with a) 14-19  and b) 65 vol.% diatomite with 23 and 
34 vol.% silica and calcined at 850 °C. 
 
 Figure 8-5 confirms the shift of the pore size distribution with addition of 34 vol.% silica nanoparticles 
compared to 23 vol.% silica. A decrease in macropore volume leads to an increase in the large mesopores. 
With 23 vol.% silica, pores accessible to ink-bottles have an unimodal distribution, while a bimodal 
distribution is observed with 34 vol.% silica. This is expected to be caused by the presence of some 
heterogeneity in silica distribution in the sample. 
 
0
50
100
150
200
250
300
350
400
450
500
1 10 100 1000
Pore radii [nm]
Vo
lu
m
e 
[m
m
3 /g
]
1st intrusion
Difference
1st intrusion
Difference
23 vol.% silica
34 vol.% silica
 
Figure 8-5: Determination of pores accessible to ink-bottles in samples with 40 vol.% diatomite and 23 and 
34 vol.% silica nanoaprticles calcined at 850 °C. 
 
 As seen in Figure 8-6, addition of silica nanoparticles leads to a decrease in specific surface area. This is 
explained by the closing of the smallest pores due to the creation of a layer surrounding the sample, as 
observed by microscopy (Figure 8-8). 
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Figure 8-6: Specific surfaces of samples with different diatomite and silica contents, calcined at 850 °C. 
 
 Nitrogen sorption shows that addition in silica nanoparticles leads to a bimodal mesopore size 
distribution. Smaller macropores are indeed closed by silica, leading to an increase in pore size in the large 
mesopore range (Figure 8-7a). Furthermore, addition of silica blocks the pores in the small mesopore range, 
leading to a decrease in this volume. In samples with high diatomite content (65 vol.%), addition of silica 
nanoparticles leads to an increase in pore size, as seen with mercury porosimetry (Figure 8-4b). Addition of 
23 vol.% silica has no influence on pores between 50 and 100 nm in radius (Figure 8-7b). 34 vol.% diatomite 
leads to a large increase in mesopore range and a slight increase in small macropores. This is observed in the 
slope of the curve. This large increase in pore size distribution is caused by the agglomerates created by the 
large amount of silica. 
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Figure 8-7: Nitrogen sorption analysis on samples with a) 14  and b) 65 vol.% diatomite with 23 and 34 
vol.% silica and calcined at 850 °C. 
 
 As seen in the cross-section of alumina samples with 0 and 34 vol.% silica, a relatively more 
homogeneous structure is obtained in samples without silica (Figure 8-8a), while a high content of silica 
leads to some structural heterogeneities. This is seen with the presence of silica agglomerates (Figure 8-8b).  
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Figure 8-8: Microstructure of 0 vol.% diatomite with a) 0 and b) 34 vol.% silica nanoparticles, calcined at 
850 °C. 
 
 Microstructure of samples with 71 vol.% diatomite and 34 vol.% silica nanoparticles calcined at 850 °C 
proves the heterogeneous silica distribution (Figure 8-9). In the right part of Figure 8-9a (separated by the 
red line), silica particles are indeed observed, while in the left part (enlarged in Figure 8-9b), crystallised 
silica is clearly seen.  
 
 
Figure 8-9: Microstructure of 71 vol.% diatomite with 34 vol.% silica nanoparticles calcined at 850 °C, b) is 
a zoom of the left part of figure a). 
 
 Addition of silica in samples with low diatomite content is seen as covering the surface. This confirms 
the decrease in pore size distribution. As seen in Figure 8-10b, alumina and silica phases are mainly covering 
the Aulacoseira diatom. With high diatomite content (65 vol.%), alumina and silica are not sufficient to 
block all pores and pores of about 5 µm can be observed (Figures 8-10c and 8-10d). 
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Figure 8-10: Microstructure of a and b) 14 vol.% diatomite and 23 vol.% silica, c and d) 65 vol.% diatomite 
with 23 vol.% silica nanoparticles. 
 
8.2.2 Attrition resistance index 
 Attrition resistance of samples with different diatomite and silica contents was verified. As seen in 
Figure 8-11, addition of silica is effective on samples with less than 70 vol. % diatomite content. This is 
caused by the better binding effect, the decrease in porosity and macropore size. Mesopores size increases 
with addition of silica after calcination at 850 °C. Macropores are however expected to have more influence 
on attrition resistance than mesopores. Porosity is assumed to be the main parameter influencing the attrition 
resistance until 71 vol.% diatomite. As observed in Figure 8-3, similar porosity is obtained for samples with 
different silica contents, while similar attrition resistance is seen in Figure 8-11. With higher diatomite 
content, alumina can not bind the diatom frustules and attrition resistance drops very rapidly to reach the 
same behaviour than samples without silica. A very low porosity was observed at high diatomite content, 
while pore volume increased significantly. Addition of silica with a high alumina content leads to an increase 
in attrition resistance and retards its drop, compared to samples without silica. This leads to the conclusion 
that silica helps to increase the attrition resistance because of its coalescence, but has no binding effect by 
itself.  
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Figure 8-11: Atrition resistance index of samples with different diatomite and silica contents. 
 
8.3 Summaries 
 A decrease in specific surface area is observed because of the closing of smaller pores at the higher 
calcination temperature (850 °C). At low diatomite content (40 vol.% diatomite), similar median pore sizes 
are determined at 700 and 850 °C with mercury porosimetry, while median pore size increases with higher 
diatomite content. This is explained by the different shrinkage behaviour between the phases. Better attrition 
resistance is observed in diatomite/ alumina/ silica based samples calcined at 850 °C than at 700 °C. It was 
however not possible to reach the attrition resistance of the reference with the use of the silica dispersion. 
 A decrease in large macropore size is observed with addition of silica nanoparticles, as well as small 
mesopores for samples with low diatomite contents. This leads to an increase in pore size distribution in the 
small macropore range (increase in bimodal pore size distribution determined by nitrogen sorption). With 
high diatomite content, silica is not able to cover the whole surface and pores in the micrometer range are 
still observed. Porosity is an important parameter for attrition resistance of samples with less than 71 vol.% 
diatomite. While structural heterogeneities (silica agglomerates) are observed with higher diatomite content. 
This is caused by the high silica content and a very low alumina phase. A decrease in the attrition resistance 
with addition of nanoparticles was moreover determined because of these large heterogeneities. Addition of 
silica allows the slowing down of the decrease in attrition resistance for samples with high diatomite content. 
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9. Results and discussion_ Performance of the bed materials 
 According to Jin, oxygen carriers have to be highly reactive with fuel and air, have a high regeneration 
capability, be highly resistant to attrition, to abrasion and to agglomeration, be cheap and environmentally 
friendly [JIN11]. The so-called commercialized product was composed of an alumina support with 13 
wt.% CuO and was produced by spray drying (Sigma-Aldrich, Switzerland). Some selected granulates 
were impregnated with a 1.5 M copper nitrate trihydrate solution and calcined up to 850 °C, as explained 
in Section 4. Impregnation results and looping efficiency (performance of the oxygen carriers) were 
analysed under reducing and oxidizing atmosphere at 850 °C. Attrition resistance of selected samples from 
Route 1 and Route 3-b were verified before and after looping experiments. 
 
9.1 Microstructure 
 Influence of impregnation capacity on porosity, median pore size and pore volume is shown in Table 
9-1. Only one measurement was performed for each sample. Standard deviations of 10 %, 5 % and 17 % 
are however frequently assumed on porosity, median pore radius and volumes, respectively.  
 
Table 9-1: Porosity, median pore radius and specific volume determined by mercury porosimetry analyses 
of the commercialised product and impregnated and not impregnated samples, calcined at 850 °C. 
  Porosity [%] Median pore radius [nm] Specific volume [mm3/g] 
  
Not  
impregnated Impregnated 
Not  
impregnated Impregnated 
Not 
 impregnated Impregnated 
Commercialized 
product - 46 - 6.9 - 328 
Reference 38 34 5.6 7.4 352 302 
Route 1 
48 vol.% clay_ 
1100 °C 68 54 1201.4 1048 767 512 
Route 2 
0 vol.% diatomite 61 54 3.5 11.3 653 688 
Route 3-a 
19 vol.% diatomite 46 51 8.2 10.7 758 532 
84 vol.% diatomite 71 38 716.8 609.3 1133 658 
Route 3-b (34 vol.% silica) 
14 vol.% diatomite 38 39 8.4 135.6 481 404 
65 vol.% diatomite 28 37 49.3 93.2 438 368 
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 A decrease in porosity is observed after impregnation. Only samples with high alumina or/and silica 
content lead to higher porosity and median pore sizes. Specific volume decreases for all samples after 
impregnation, with exception of G-250 based samples, which have similar results before and after addition 
of copper oxide. Similar and increase in porosity are caused by the interparticular porosity. This leads to an 
increase in median pore size. 
 Influence of copper oxide impregnation on pore size distribution was determined with mercury 
porosimetry analyses before and after impregnation. Figure 9-1 compares the pore size distribution of 
samples from the different routes with normalized volumes. It is worthwhile to note that not impregnated 
samples were measured within the shape of an extrudate, while impregnated samples were already 
granulated before the analysis. Due to this reason, a threshold was performed to decrease the interparticular 
effect of the impregnated samples.  
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Figure 9-1: Pore size distribution determined by mercury porosimetry of the commercialized product, 
impregnated and non impregnated samples, calcined at 850 °C. 
 
 Pore size distribution of samples composed mainly of alumina surprisingly increases after 
impregnation. The impregnated reference has indeed larger mesopore size distribution compared to the not 
impregnated reference; while impregnated G-250 (0 vol.% diatomite, Figure 9-1b) shows an increase from 
the meso- to the large macropore range. This phenomenon is observed in samples with low diatomite 
content with 0 and 34 vol.% silica (Figure 9-1b and 9-1c). Similar results are observed in samples with 84 
vol.% diatomite (Figure 9-1b), while a slight increase in pore size distribution is observed in samples with 
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65 vol.% diatomite and 34 vol.% silica (Figure 9-1c). The trimodal pore size distribution observed before 
impregnation is moreover attenuated with addition of copper oxide. Interestingly, a very small decrease in 
macropore size distribution is observed for clay-based samples heat treated at 1100 °C (Figure 9-1d). This 
permits to conclude that the copper phase impregnates slightly on large macropores and does not block 
them. 
 Nitrogen sorption analyses were performed on impregnated and not impregnated samples to better 
understand the oxygen carrier deposition. The commercialized product is composed of smaller pore size 
distribution than the reference and the developed samples (Figure 9-2a) and to a higher specific surface 
area (Table 9-2).  As seen on all samples, impregnation leads to a shift in the pore size distribution to the 
larger pores. This was also determined from the results determined by mercury porosimetry. This 
behaviour is mainly seen with the impregnated reference, samples with high diatomite content from Route 
3-a and samples with low diatomite content from Route 3-b. This is explained by the presence of copper 
oxide on mesopores. Increase in pore size can be caused by the agglomeration of copper oxide particles, 
leading to new interparticle porosity (Figure 9-1). 
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Figure 9-2: Pore size distribution determined by nitrogen sorption analysis of the commercialized product 
and impregnated and non impregnated samples, calcined at 850 °C. 
 
  Specific surface area decreases after impregnation and looping experiments (Table 9-2). The standard 
deviation is approximately 5 %. Decrease in specific volume after these two steps is also determined by 
nitrogen sorption analysis. This confirms the presence of copper phase on the pores and the closing of 
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smaller ones because of the additional thermal treatment. G-250 based granulates are composed of higher 
specific surface area than the reference and addition of diatomite and silica leads to a decrease in the 
specific surface area. Interestingly, impregnated G-250 samples are composed of a larger surface area than 
the commercialized product. Lower volumes are observed with addition of diatomite and silica because of 
the small mesopores volume in diatomite filer aids [GAR11-2] and the blocking of small pores with the 
formation of a silica layer. 
 
Table 9-2: Specific surface areas and specific volumes of the commercialized product and impregnated and 
non impregnated samples, calcined at 850 °C. 
  Specific surface area [m2/g] Specific volume [mm3/g] 
  
Not  
impregnated Impregnated After TGA 
Not  
impregnated Impregnated After TGA 
Commercialized 
product - 167 61 - 425 435 
Reference 151 81 59 438 344 338 
Route 1 
48 vol.% 
clay_1100 °C 2 1 - 4 4 - 
Route 2 
0 vol.% 
diatomite 153 105 57 706 515 403 
Route 3-a 
19 vol.% 
diatomite 140 78 53 539 371 338 
84 vol.% 
diatomite 36 17 5 138 99 80 
Route 3-b (34 vol.% silica) 
14 vol.% 
diatomite 123 27 25 456 204 186 
65 vol.% 
diatomite 17 15 11 190 157 160 
 
9.2 Phase analyses 
 Phase analyses of impregnated samples after drying, calcination and looping experiments in TG (after 
oxidation and reduction step) are determined by X-ray diffraction (Table 9-3). Impregnated alumina based 
samples are composed mainly of copper nitrate hydroxide (Cu2(OH)3NO3) because of the presence of OH 
groups from the alumina phase. With addition of diatomite or silica, presence of copper nitrate hydrate 
Cu(NO3)2.3H20 is determined. This proves the lower reaction of the copper salt with decrease in alumina 
content. CuO as the main phase is obtained after calcination (e.g. samples with high diatomite content and 
samples with low diatomite content and with silica), while with presence of alumina, aluminum copper 
oxide CuAl2O4 is determined as the main phase. This confirms Misra and Chaklader statements, who 
mentioned the formation of CuAl2O4 at about 800 °C by solid-state reaction [MIS63]. They presented a 
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phase diagram CuO/ Al2O3, which mentioned the presence of CuO and CuAl2O4 for samples with less than 
55 wt.% alumina and the presence of Al2O3 and CuAl2O4 for samples with more than this amount. 
 Interestingly, the impregnated reference is composed of CuO after calcination. This is caused by the 
lower presence of OH groups than in G-250 based samples. CuO, Cu and Cu2O phases are obtained after 
first reduction. Presence of Cu2O in samples after looping experiments in reducing atmosphere confirms 
Chuang et al. results [CHU08]. They found that CuO reacts with CO to form Cu at low temperatures (250 
°C) but transforms first to Cu2O and then CuO at temperatures above 700 °C. According to X-ray 
diffraction results, spinel phase is not stable during reduction and transforms into Al2O3 and CuO. Further 
reduction leads to Cu2O and Cu phases. The possible reduction of the spinel phase and its formation after 
further oxidation steps confirms Kernke et al. results [KER92]. Cu cations diffusion to the surface during 
reduction is indeed enhanced by the defect spinel γ-alumina structure. Cu, Cu2O and CuAl2O4 are 
composed of a cubic structure, while CuO is monoclinic. 
 
Table 9-3: Main copper phases present in dried, calcined samples and after oxidizing and reducing 
atmosphere during looping experiments of samples of the different routes. 
Copper phases Dried Calcined After 1 reduction TGA (CO) 
After 3 cycles 
TGA (air) 
Commercialized  
product * - CuO Cu, Cu2O, CuO CuO 
Reference Cu2(OH)3(NO3) CuO Cu, Cu2O, CuO CuO 
Route 1 
48 vol.% clay_ 
1100° C * Cu(NO3)2. 3H20 CuO Cu, Cu2O, CuO CuO 
Route 2 
0 vol.% diatomite Cu2(OH)3NO3 CuAl2O4 CuO, Cu, Cu2O CuAl2O4 
Route 3-a 
19 vol.% diatomite Cu2(OH)3NO3 CuAl2O4 CuO, Cu, Cu2O CuAl2O4 
84 vol.% diatomite Cu(NO3)2.3H2O CuO, CuAl2O4 CuO, Cu, Cu2O CuO, CuAl2O4 
Route 3-b (34 vol.% silica) 
14 vol.% diatomite Cu(NO3)2. 3H20,  Cu2(OH)3NO3 CuO, CuAl2O4 CuO, Cu, Cu2O CuAl2O4 
65 vol.% diatomite * Cu(NO3)2. 3H20,  Cu2(OH)3NO3 CuO CuO, Cu, Cu2O CuO 
  * Presence of carbon after looping experiment 
  
 Presence of carbon in the samples after the introduction of reducing atmosphere was verified by XRD. 
Boudouard reaction can indeed occur when using CO as a reducing gas (equation 9-1): 
 2 CO → C + CO2 (9-1)  
 This reaction leads to the presence of ash in the reaction and to the oxygen carrier deactivation. 
Presence of carbon is determined in the commercialized product, clay based samples and samples 
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composed of 65 vol.% diatomite and 34 vol.% silica. This presence can be observed in the looping curves 
(Figure 9-3).The curve of the commercialized product does indeed not reach 100 wt.% after reoxidation. 
An incomplete reduction of the metal oxide with addition of steam and/or CO2, H2 can reduce this effect 
[FAN10].  
 
9.3 Looping experiments 
9.3.1 Principle 
 20 % O2/ N2, N2 and 10 % CO/ N2 are interchanged during looping experiments. N2 is used for about 5 
min to clean the chamber between the oxidizing and reducing gases. Gases are allowed to flow for about 
20 min in the chamber to verify the complete reduction or oxidation of the oxygen carrier. Only copper 
oxide powder needed a longer time to reduce and was not able to reach the complete oxidation over the 180 
min test (Figure 9-3). This permits to demonstrate the importance of the support to facilitate the mass 
transfer due to the porous structure and to decrease the sintering of the copper phase.  
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Figure 9-3: Looping experiments of copper oxide powder, commercialised product and the impregnated 
reference. 
 
9.3.2 Influence of microstructure on impregnation  
 The oxygen carrier content is frequently about 10- 30 wt.% [CHO04]. Chuang et al. succeeded to 
increase CuO loading up to 82.5 wt.% by co-precipitation. It is a highly pH dependant technique [CHU09].  
Fan explained the difficulty to determine the metal loading after impregnation because of the inherent 
nature of the technique [FAN10]. Addition of copper oxide can indeed lead to the formation of new phases 
with different densities. Because of this, Fan suggested to quantify the theoretical metal loading according 
to the amount of salt used during impregnation and to compare it with the “actual metal loading”, which is 
determined from looping experiments with a TG device. In this work, the weight increase was measured 
after calcination and presence of copper was calculated from it. This allows the determination of the 
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impregnation capacity according to the support properties. Supports were impregnated with the same 
conditions for comparison reason. In case of an incomplete conversion, some hydrogen and CO can be 
formed [CHO05]. The oxygen carrier is considered as not suitable if the produced hydrogen and CO 
contents are too high because of the lost of energy into the exit stream of the fuel reactor. Figure 9-4 shows 
the copper content in the commercialized product (Alumina & 13 wt.% CuO), after impregnation of the 
reference Puralox Nwa155 (Sasol) and of granules produced from the four different routes.  
 
Figure 9-4: Copper content of the two references and developed granules. 
  
 As seen in Figure 9-4, the reference Puralox NWa155 was the lowest impregnated support compared 
to the developed granules. This is caused by its lowest specific surface area and pore size distribution. 
Route 2 was the highest impregnated because of its high specific surface area. This allows thinking that 
most of the active phase is present on the surface of the granules. An increase in pore size distribution was 
observed for samples made from route 3-b, 3-a and route 1 (large macroporosities), while they were 
composed of smaller specific surface area than granules from route 2. Copper phase impregnation benefits 
from this large network; a higher impregnation was indeed obtained by wet impregnation. 
 Only long term analyses (thermogravimetry and looping efficiency) of samples from route 1, 2 and 3-b 
were measured during 25 hours because granules from route 3-a had a too low attrition resistance for the 
application (Figures 9-5 and 9-6). Looping efficiency R0 (Figure 9-6) was calculated with equation (4-13).  
 
Figure 9-5: Thermogravimetric analysis of samples from routes 1, 2 and 3-b. 
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Best looping efficiency was obtained with sample from route 2 composed of a CuAl2O4 spinel phase 
(Figure 9-6). This result was linked to the highest impregnation of this sample. Formation of CuAl2O4 is 
moreover linked to interactions between the oxygen carrier and the support. Jin and Zhang mentioned the 
fact that the excess nickel reacts with alumina support during the first redox cycle, which leads to an 
increase in the oxygen carrier stability [JIN11]. Because of this,
 
it is frequently preferred to obtain CuO 
and to minimize or avoid this phase [JIN11]. However, according to them, NiO and spinel phase NiAl2O4 
lead to fast looping reactions and good regenerability. Nickel from the spinel phase cannot be reduced 
completely [OKA99]. No variation of the looping efficiency was seen after 7, 16 and 25 hours 
measurements. 
 
Figure 9-6: Looping efficiency R0 after 7, 16 and 25 hours of samples from routes 1, 2 and 3-b. 
  
9.3.3 Mass spectroscopy 
 Conversion was calculated from the normalisation of ion current linked to the formation of CO2 
(Figure 9-7). This determination correlated to the thermogravimetric results shown in Figure 9-5. This 
conversion was obtained after three steps [GOL11]. CO was first adsorbed on copper sites, then migrated 
(this leads to an increase in the reaction time) and desorption reactions finally occurred: the oxygen from 
copper oxide reacted with adsorbed CO to form CO2. 
 
 
Figure 9-7: a) mass spectroscopy of samples from routes 1, 2 and 3-b, b) enlargement of a cycle (15 min). 
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 A lower conversion to CO2 is seen with time and especially with increase in silica content in the 
sample. The enlargement shows moreover a faster conversion rate with samples composed of higher silica 
content. Spinel phase was longer to reduce because of the first decomposition into Al2O3 and CuO. The 
copper phase was then reduced to Cu2O (equation 9-2) and finally to Cu (equation 9-3). As seen in Table 
9-3, not all CuO reacted with the reducing gas. 
CuO + CuO (CO) → Cu2O + CO2  (9-2) 
Cu2O (CO) → 2 Cu + CO2  (9-3) 
 
9.4 Microscopy 
 Microscopy was performed on different materials to verify the eventual degradation of materials after 
looping experiments. Figure 9-8b proves that copper powder cannot be used by itself for looping tests at 
850 °C because of its sintering.  
 
 
Figure 9-8: Scanning electron microscopy of a) Cu powder and b) powder after three cycles in the TGA. 
  
 The impregnated reference seems to degrade after looping experiments. The edges of the granulates 
after looping tests seem to be as sharp as before (Figure 9-9).  
 
Figure 9-9: Scanning electron microscopy of a) impregnated reference, b) impregnated reference after 
looping tests, and c) impregnated reference after reduction. 
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 The microscopy of samples that were not impregnated is added on the left of the figures to compare 
the impregnated and not impregnated samples. Interestingly, copper oxide balls are observed on the surface 
of clay based materials (Figure 9-10b). After looping experiments, the spherical shape of copper oxide 
disappeared and resulted in a heterogeneous surface, which was caused by the successive phase 
transformation to Cu2O and Cu.  
 
 
Figure 9-10: Scanning electron microscopy of a) not impregnated and b) impregnated 48 vol.%clay 
sintered at 1100 °C, c) impregnated 48 vol.% clay sintered at 1100 °C after looping tests. 
 
 A similar contrast between alumina and copper phase is observed in G-250 based samples. This made 
difficult to distinguish both phases. Presence of copper phase agglomerates is however observed with the 
whiter spots in Figure 9-11c.  
 
 
Figure 9-11: Scanning electron microscopy of a) not impregnated, b) impregnated alumina (route 2, 
calcined at 850 °C), c) impregnated alumina after looping tests. 
 
 Copper phase is observed on the surface of samples with low (Figures 9-12a, b and c) and high (Figure 
9-12d, e and f) diatomite contents. Due to the reaction between alumina and copper phase, the presence of 
a spinel structure is seen on samples with low diatomite content (Figures 9-12b and 9-11c), while spherical 
agglomerates are observed at high diatomite content. A similar shape in the copper phase is determined in 
samples with high diatomite content after looping experiment compared to clay based samples. 
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Figure 9-12: Scanning electron microscopy of impregnated alumina/ diatomite based materials with a, b 
and c) 19 vol.% , d, e and f) 84 vol.% diatomite, calcined at 850 °C, where a and d) not impregnated, b and 
e) impregnated samples, c and f) impregnated samples after looping tests. 
 
 Interestingly, impregnated samples with silica and low diatomite contents (Figures 9-13a, b and c) are 
composed of uniform spheres of copper phase before and after looping experiments. While, at high 
diatomite contents (Figures 9-13d, e and f), small copper phase spots are observed.  
 
 
Figure 9-13: Scanning electron microscopy of impregnated alumina/ diatomite with 34 vol.% silica based 
materials with a, b and c) 14 vol.% , d, e and f)) 65 vol.% diatomite, calcined at 850° C, where a and d) not 
impregnated, b and e) impregnated samples, c and f) impregnated samples after looping tests. 
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Presence of copper element is confirmed by EDX on alumina sample (Route 2), sample with 84 vol.% 
diatomite (Route 3-a) and sample with 65 vol.% diatomite and 34 vol.% silica (Route 3-b) (Figure 9-14, 
line 1, 2 and 3, respectively) after looping experiments. The left column corresponds to the original SEM 
images and the bright blue colour from the right column proves the presence of copper.  
 
 
Figure 9-14: Scanning electron microscopy (left column) and EDX determination of the copper (right 
column) of impregnated alumina (line 1), sample with 84 vol.% diatomite (line 2), sample with 65 vol.% 
diatomite and 34 vol.% silica (line 3) calcined at 850 °C. 
  
9.5 Attrition resistance index 
 Fan mentioned similar crushing strength between the support and the dry impregnated one and 
concluded to the importance of the support performance [FAN10]. He recommended the use of dry 
impregnation for CuO and mentioned that wet impregnation will also be a suitable technique. The presence 
of attrition after initial cycles was determined because of weak bonding of the outer shell formed by the 
metal oxide to the support.  
 In order to verify the influence of the impregnation step and looping experiments on the mechanical 
resistance of the granulates, the attrition resistance after these two steps was performed on two selected 
materials: samples with 48 vol.% clay sintered at 1100 °C (Route 1) and samples with 14 vol.% diatomite 
and 34 vol.% silica heat treated at 850 °C (Route 3-b). These two samples were selected because of their 
high attrition resistance. The sample from Route 1 has indeed a higher mechanical resistance than the 
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reference, while composed of a large macropore size distribution. Sample from route 3-b has a lower 
attrition resistance than the reference, but was the best of the alumina based samples. Mesopore size 
distribution was however determined as larger than the reference. 
 Impregnation and looping experiments at 850 °C have no effect on attrition resistance of samples from 
Route 1, while impregnation has no influence on samples from Route 3-b (Figure 9-15). A higher attrition 
resistance is observed after the looping experiments because the further heating at 850 °C during cycles 
causes additional sintering. A decrease in oxidation and reduction rate after 3 cycles was observed for this 
sample from Route 3-b, while no change is obtained with the use of clay based sample from Route 1. This 
confirms that sintering during looping experiments is prejudicial to bed material efficiency. 
 
 
Figure 9-15: Attrition resistance index of sample with 48 vol.% clay heat treated at 1100 °C (Route 1) and 
with 14 vol.% diatomite with 34 vol.% silica (Route 3-b), before, after impregnation and after looping 
experiments at 850 °C. 
 
9.6 Summaries 
 Impregnation capacity during the wet impregnation process with stirring is determined to be influenced 
mainly by the microstructure of the samples. An increase in pore size in the macropore range is expected to 
be beneficial in case of impregnation under pressure. While during wet stirring, copper phase impregnates 
on the surface or in the pores in the micrometer range. Different copper phases are obtained according to 
the support. Use of alumina will lead to the formation of CuAl2O4, which is enhanced by the presence of 
OH groups. By grouping the samples according to their copper phase, it was possible to determine the 
importance of specific surface on looping efficiency.  
 Higher looping efficiency was obtained with alumina samples because of the higher impregnation 
capacity caused by its high specific surface area. An increase in pore size distribution was shown as 
beneficial for the impregnation of the copper phase. Looping experiments show the incomplete reduction 
of copper phase, which is observed by the presence of Cu2O and CuO with X-ray diffraction. A decrease in 
 9. Results and discussion_ Performance of the bed materials   
 
-105- 
specific surface area and the closing of small pore volume are observed after looping experiments because 
of the sintering of the material with further heating. Diatomite filter aids and silica enhance the reduction 
and oxidation rates.  
 Interestingly, wet impregnation has no effect on attrition resistance of samples from Route 1 and route 
3-b. An increase is however observed on samples from Route 3-b after looping experiments because of the 
further heating of the bed materials, which leads to the sintering of the phases. No influence is observed on 
samples from Route 1 because it had already reached the temperature of 1100 °C. 
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 According to Jin and Zhang, chemical-looping combustion CLC is only at its beginning and its main 
challenge is the development of an oxygen carrier with good reactivity and stability [JIN11]. Furthermore, the 
requirements for high efficiency gas turbines (with a temperature of about 1200 °C) have not been achieved 
because of sintering and agglomeration problems observed with the oxygen carrier at such high temperatures. 
In order to understand the influence of microstructure for oxygen carrier supports, three routes were studied. 
The samples from the first route, based on clay and diatomite, were investigated because of the presence of 
large macroporosity. The second route, based on γ-alumina, was composed of a mesoporous network. It was 
associated with Nwa155 γ-alumina from Sasol (Germany), which was chosen as a reference. This material 
was already used as a catalyst support and studied for oxygen carrier application. In the third route, the 
addition of diatomite filter aids in the system was investigated. In order to increase the attrition resistance in 
these samples, silica dispersion was implemented during kneading. 
 Pore size distribution was successfully tailored with addition of diatomite filter aids DFA (Filter Cel and 
Super Cel, Celite, Worldminerals, USA) with median pore radius from 1 to 2 µm. Coalescence, formation of 
mullite and increase in low cristobalite phase were observed in samples from Route 1 composed of clay and 
diatomite at temperatures above 1100 °C. An increase in temperature led to an increase in interparticular 
porosity because of the different shrinkage behaviour of the matrix and diatom frustules. An increase in clay 
content led to a better binding of the DFA and influenced the microstructure. A lower pore size distribution 
and an increase in attrition resistance were observed with higher clay content. Granulates were composed of a 
low specific surface area due to the presence of clay and DFA. Because of the coalescence of smaller pores, 
the specific surface areas also decreased with an increase in temperature. 
 In order to understand the influence of DFA on the alumina matrix, alumina samples were first optimised 
and analysed in Route 2. An increase in calcination up to 850 °C lead to a more crystallised and denser γ-
structure than at 550 °C. The volume of smaller pores and the specific surface areas decreased with 
temperature. A lower attrition resistance was observed with an increase in temperature. It was concluded that 
for G-250 based samples, a feedstock peptized at a pH 4 with a solid-liquid ratio of 82 wt.%  and a calcination 
of 700 °C were suitable when large pores and relatively good attrition resistance were required. Larger pore 
size distribution and lower specific surface area were obtained with the developed samples compared to the 
reference.  
 In route 3, a bimodal meso- and macropore size distribution was reached with the addition of 84 vol.% of 
DFA. An increase in DAF content led to a decrease in specific surface area because of the decrease in alumina 
binding effect on the final material. A decrease in the alumina content, used as an inorganic binder, led to the 
presence of a threshold in attrition resistance for samples with more than 37 vol.% of DFA. Higher 
coalescence of the material was observed with calcination at 850 °C. This did not influence the attrition 
resistance of samples with less than 37 vol.% of DFA but led to an increase in resistance for samples with 
more DFA content, compared to samples calcined at 700 °C. Meso- and small macropores had therefore no 
significant influence on attrition resistance, compared to large macropores. The addition of silica nanoparticles 
on DFA based samples (Route 3-b) was observed to result in a decrease in the macropore size distribution 
principally, but also the small mesopores. Increase in calcination temperature led to a decrease in specific 
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surface area, but similar median pore size at low DFA content (40 vol.% of DFA) when calcined at 700 and 
850 °C. With high DFA content, median pore size increased at higher temperature. Silica covered the surface 
of the sample; only at high DFA content, pores in the micrometer range were still observed because silica 
could not fill all the pores. Structural heterogeneity was also obtained because of the presence of silica 
agglomerates. Attrition resistance increased with the increase in calcination temperature to 850 °C for samples 
with less than 71 vol.% of DFA due to the sintering of silica. Attrition resistance of samples with less than 71 
vol.% of DFA was influenced by the porosity, while at higher DFA content, the high pore volume and the 
presence of agglomerates enhanced a decrease in attrition resistance.  
 The performance of bed materials was verified after wet impregnation with copper nitrate trihydrate and 
calcination at 850 °C for selected samples of the three different routes. The impregnation capacity was 
influenced mainly by the porosity, specific surface area, meso- and large macropores. With alumina based 
support, formation of CuAl2O4 was determined with X-ray diffraction, while samples composed mainly of the 
silica phase (silica, clay or DFA) led to the formation of Cu2O and CuO after calcination. Impregnation and 
looping experiments (reduction/ oxidation cycles) led to a decrease in specific surface area. The heating 
during looping experiment enhanced a further sintering of the alumina supports. This was prejudicial for the 
oxygen carrier reactivity. An increase in silica content led to an increase in conversion rate. No variation of 
the attrition resistance was observed after wet impregnation of samples from routes 1 and 3-b. After looping 
experiments, attrition resistance of clay based samples was not affected, while an increase in the attrition 
resistance was observed for alumina/ silica based samples because of the further sintering of the support. 
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11. Outlook 
 The tailoring of the microstructure with the addition of DFA was successfully carried out. Lower 
attrition resistance than the reference was however obtained with the addition of silica nanoparticles. The 
addition of a silica nanoparticles dispersion led to the formation of agglomerates. Because of the importance 
of a large pore size distribution for impregnation and looping experiments, it is suggested to use silica 
nanoparticles and organics instead of peptised alumina. This would permit to benefit more about the DFA 
pore structure than with the use of alumina. A lower attrition resistance is however expected. Moreover, 
DFA/ clay samples heat treated at 800 °C have a good reactivity because of the presence of meso- and 
macroporosities. Because silica nanoparticles need a temperature lower than 1100 °C to coalesce, a good 
reactivity is expected because of the similar phase structure, which would lead to the formation of CuO 
phase after impregnation. 
Wet impregnation by stirring was chosen for this work because it is an easy and reproducible technique. 
However, different techniques for oxygen carrier impregnation exist and can lead to a better impregnation 
capacity. Indeed, co-precipitation synthesis, addition of copper salts into the batch are envisaged and could 
be compared to wet impregnation under pressure to force copper oxide inside the porous structure. This 
would permit to benefit more from the pore size distribution than the specific surface area. The use of 
different shape of bed materials can also be tested, such as the use of spheres (by granulation), tubes or rings. 
This would permit a higher gas transport inside the material. It is also expected to decrease the attrition 
resistance of the bed material because of the higher stress caused by the presence of a hole in the middle of 
the material. 
 When granulates are introduced in the reactor, they are submitted to a thermal shock (frequently from 
room temperature to 850 °C). A further necessary optimisation of the attrition test is to develop a device, 
which can be subjected to high temperatures and with higher angle on the corner to avoid a “dead zone”, as 
explained in Section 4. This will lead to a better understanding of the influence of temperature on the 
attrition resistance of the developed bed materials and permit the study of the thermal expansion stresses that 
can occur during this step. Moreover, attrition resistance should be compared to results obtained from a jet. It 
is indeed expected that impacts particles/ particles and particles/ walls are not as prejudicial as the use of 
grinding balls.  
 The developed granulates could also be envisaged for use in chemical-looping hydrogen to produce 
hydrogen. The process corresponds to CLC, except that instead of the air reactor, a steam one is used for 
water decomposition. Metal oxide particles are reduced into CO2 and H2O and the reduced metal oxide is 
afterwards introduced to the steam reactor where the water generates H2 [GOS09]. This process will not 
require a further development of granulates. 
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Publications _ Abstracts 
Investigation of Sintering Temperature on Attrition   
Resistance of Highly Porous Diatomite Based Material 
 
Noemie van Garderen, Frank J. Clemens, Dagobert Scharf, Thomas Graule 
Empa, Swiss Federal Laboratories for Materials Testing and Research, Laboratory for High Performance Ceramics, 
Ueberlandstrasse 129, 8600 Dübendorf, Switzerland 
 
Abstract. Highly porous diatomite based granulates with a diameter of 500 µm have been produced by an extrusion method. In 
order to investigate the relation between microstructure, phase composition and attrition resistance of the final product, the 
granulates were sintered between 800 and 1300°C. Mean pore size of the granulates was evaluated by Hg-porosimetry. An 
increase of the pore size is observed in the range of 3.6 nm to 40 µm with increasing sintering temperature. Higher mean pore size 
of 1.6 µm and 5.7 µm were obtained by sintering at 800 and 1300°C respectively. X-ray diffraction shows that mullite phase 
appears at 1100°C due to the presence of clay. At 1100°C diatomite (amorphous silicate) started to transform into α-cristobalite. 
Attrition resistance was determined by evaluating the amount of ground material passed through a sieve with a predefined mesh 
size. It was observed that a material sintered at high temperature leads to an increase of attrition resistance due to the decrease of 
total porosities and phase transformation. Due to the reason that attrition resistance significantly increased by sintering the 
granulates at higher temperature, a so called attrition resistance index was determined in order to compare all the different attrition 
resistance values. This attrition resistance index was determined by using the exponential component of the equation obtained from 
attrition resistance curves. It permits comparison of the attrition behaviour without a time influence. 
 
 
Investigation of Clay Content and Sintering Temperature on 
Attrition Resistance of Highly Porous Diatomite Based 
Material 
 
Noemie van Garderen a,*, Frank J. Clemens a, Matheus Mezzomo b, Carlos Pérez 
Bergmann b, Thomas Graule a 
a
 EMPA, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for High Performance Ceramics, 
Ueberlandstrasse 129, 8600 Dübendorf, Switzerland 
b
 UFRGS, Federal University of Rio Grande do Sul, Laboratory of Ceramic Materials, LACER, Av. Osvaldo Aranha, 
99/705C, 90035-190 Porto Alegre, Brazil 
 
Abstract. Diatomite based granulates with a diameter of 500 µm were produced by extrusion with the addition of 16, 28 and 48 vol.% 
kaolin and organic binder in order to optimize the flow behaviour. The influences of clay content and sintering temperature on the 
microstructure and attrition resistance were investigated. Bimodal pore size distribution was obtained by mercury intrusion 
porosimetry at 800 °C. Pore sizes smaller than 250 nm were assumed to originate from the diatomite porous structure and the larger 
ones mainly from the interparticle porosity. Meso and macropores of diatoms tend to close at 1100 ° C and due to coalescence at 
higher temperature an unimodal macro pore size distribution occurs. An increase of the pore size in temperature range between 1100 
and 1300 °C, was associated with a different sintering behaviour between diatomite and clay. Additionally α-cristobalite crystallization 
was observed at sintering temperatures between 1100 and 1300 °C. Attrition resistance was determined by a grinding test and a new 
analysis method to evaluate different attrition behaviour materials. The new analysis method uses the absolute value of the exponent 
obtained from attrition resistance behaviour versus the number of revolutions. High clay content in diatomite based materials and high 
sintering temperature lead to an increase of attrition resistance of the material due to phase transformations of the materials into mullite 
and cristobalite. 
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Pore analyses of highly porous diatomite and clay based 
materials for fluidized bed reactors 
Noemie van Garderen(a,b), Frank J. Clemens(a), Josef Kaufmann(c), Michal Urbanek(a,d), 
Marcin Binkowski(d), Christos G. Aneziris(b), Thomas Graule(a,b) 
(a)
 Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for High Performance Ceramics, 
Ueberlandstrasse 129, 8600 Dübendorf, Switzerland. 
(b) Technical University Bergakademie Freiberg, Institute for Ceramic, Glass- and Construction materials, Agricolastraße 
17, 09596 Freiberg, Germany. 
(c)
 Empa, Swiss Federal Laboratories for Materials Science and Technology, Concrete and Construction Chemistry 
Laboratory, Ueberlandstrasse 129, 8600 Dübendorf, Switzerland. 
(d)
 X-ray Microtomography Laboratory, Department of Biomedical Computer Systems, Institute of Computer Science, 
Faculty of Computer and Material Science, University of Silesia, 39 Bedzinska Str. Sosnowiec 41-200, Poland 
  
Abstract. Microstructure of diatomite-clay based granulates for fluidized bed reactors, heat treated at 800 and 1300°C, were 
investigated by mercury porosimetry, nitrogen sorption using Barrett-Joyner-Halenda model and scanning electron microscopy. 
Special considerations were made on ink-bottle pores by performing a multi-cycle porosimetry. The comparison with pure diatomite 
powders revealed that diatom structure is still intact after high shear process (e.g. extrusion) and that pore size distribution of the 
extrudates is mainly dominated by diatom structures. Coalescence of diatom frustules at 1300°C leads to a decrease of pore volume in 
the meso- and macro-range when compared to at 800°C, whereas the ink-bottle pore size did not change significantly. Apparition of 
large macropores occurred at 1300°C caused by a higher shrinkage of diatoms compared to clay. 
 
 
Improved γ-alumina support based pseudo-boehmite shaped 
by micro-extrusion process for oxygen carrier support 
application 
Noemie van Garderen(a,b), Frank J. Clemens(a), Christos G. Aneziris(b), Thomas 
Graule(a,b) 
a
 Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for High Performance 
Ceramics, Ueberlandstrasse 129, 8600 Dübendorf, Switzerland 
b
 Technical University Bergakademie Freiberg, Institute for Ceramic, Glass- and Constrution Materials, 
Agricolastraße 17, 09596 Freiberg, Germany 
 
Abstract. γ-Alumina extrudates for chemical-looping combustion in fluidized bed reactors were shaped by varying 
acetic acid concentrations between 0.07 and 3.76 M. Influence of pseudo-boehmite peptization on structural properties, 
microstructure, chemical phases and attrition resistance was determined. With addition of acetic acid, the d90 of boehmite 
agglomerates after 1 h kneading decreased from 134 to 40 µm at pH 4. Due to this, the extrusion diameter was reduced 
from 1500 to 200 µm, as well as median pore radii (from 30.1 to 5.3 nm). Porosity was about 70%. Addition of more 
than 1.87 M acid lead to a slight increase in mesopore sizes caused by some pore blocking caused by the formation of 
aluminium acetate salts. A small micropore surface was determined with t-layer model from Harkins and Jura. Higher 
attrition resistance was observed for samples peptized with lower acid concentration because of the closer contact 
between particles after decomposition. 
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Comparison methods for microstructure analysis on highly 
porous extrudates based on diatomite filter aids 
Noemie van Garderen(a,b), Thomas Graule(a,b), Christos G. Aneziris(b), Frank J. 
Clemens(a) 
 
a
 Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for High Performance 
Ceramics, Ueberlandstrasse 129, 8600 Dübendorf, Switzerland 
b
 Technical University Bergakademie Freiberg, Institute for Ceramic, Glass- and Construction Materials, 
Agricolastraße 17, 09596 Freiberg, Germany 
 
Abstract. The origin of the hysteresis, obtained from mercury porosimetry analyses of diatomite filter aids DFA powders 
and DFA-kaolin based extrudates for fluidized bed applications, is used for fundamental description of the porous 
network. Pore sizes calculated from the depressurization step, corrected with contact angle of 101.4° and with Kloubek 
semi-empirical equations, were compared to pores size evaluated with a conventional contact angle of 140.0°. 
Interestingly same behaviour is observed for DFA powders and extrudates: a hysteresis is observed at 800 °C, while no 
mercury is removed during the extrusion step for samples heat treated at 1300 °C. These results indicate that the pore 
structure for extrudates is mainly dominated by the structure of DFA in comparison to the interconnected pores coming 
from the removal of the organic binders. The presence of contact angle hysteresis was observed by comparing Kloubek 
and Washburn equations. Similar mesopore size distributions were obtained with using Barret–Joyner–Halenda model 
and Kloubek equations. This work allows confirming the interest of using Kloubek equations on the whole range of pore 
size distribution (from the macro- to the mesopores) for siliceous based materials, composed of low cristobalite, quartz 
and mullite. In case of multi-cycle studies, because of the overestimated pore sizes determined by Washburn equations 
during extrusion step, Kloubek equations seem to give a better description of the microstructure. 
 
